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4 Preface 


Preface 


Who is this Book for? 


This book is developed mainly for graduate and senior undergraduate students. It may be used in courses such as 
Computer-Aided Engineering (CAE) or Finite Element Analysis (FEA). 


Why ANSYS? 


ANSYS is almost a synonym of finite element simulations. I've been using ANSYS as a teaching platform for more than 
30 years. | prefer ANSYS to other CAE software because of its multiphysics capabilities, completeness of on-line 
documentation, and popularity among both academia and industry. Equipping engineering students with multiphysics 
capabilities is becoming a necessity. Complete documentation allows students to advance further after taking an 
introductory CAE course. Popularity among academia and industry implies that an engineering student, after his 
graduation from college, can work with the software without any further training. In recent years, | have additional 
reasons to advocate this software: user-friendly Workbench and free student products. 


Workbench 


For many years, | had been using ANSYS Classic, nowadays dubbed Mechanical APDL. The unfriendly APDL imposes 
unnecessary constraints, making the software difficult to use. As a result, students or engineers often limit themselves to 
certain applications; for example, working on component simulations rather than assembly simulations. Workbench adds 
friendliness on top of the power of APDL, releasing many unnecessary constraints. 


Free Student Products 


Starting from Release |7, ANSYS provides a free product license for students anywhere in the world. The only 
limitation is the problem size, which should be less than 32,000 nodes/elements (for shell elements, the limitation is 
16,000 nodes/elements) for structural physics. All examples in this book are designed to meet this limitation and tested 
with the free student version. The free student product can be downloaded from the following ANSYS webpage: 


http://www.ansys.com/Products/Academic/ANSYS-Student 


Why a New Tutorial? 


Preparing a tutorial for the Workbench needs much more effort than that for the APDL, due to the graphic nature of the 
interface. The most comprehensive tutorials, to my knowledge so far, are the training tutorials prepared by ANSYS Inc. 
However, they may not be suitable for use as a college tutorial for the following reasons. First, the cases used are either 
too complicated or too trivial. Many of the cases are geometrically too complicated for students to create from scratch. 
The students need to rely on the geometry files that come with the tutorials. Students usually obtain a better 
comprehension by working from scratch. Second, the tutorials cover too little on theories of finite element methods 
and solid mechanics while too much on software operation details. We try to provide a more suitable tutorial for use as 
a college textbook. 
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Organization of the Book 


We'll describe the organization of the book in Section |.1. Here is a quick overview of the book. 

Using a case study, Section |.1 walks through a typical Workbench simulation procedure. As more concepts or tools 
are needed, specific chapters or sections are pointed out, in which an in-depth discussion will be provided. The rest of 
Chapter | provides introductory background essential for the discussion in later chapters. This background includes a 
concise knowledge of structural mechanics: equations that govern the behavior of a mechanical or structural system 
(Section |.2), the finite element methods that solve these governing equations (Section |.3), and the failure criteria of 
materials (Section |.4). Chapter | is the only chapter that doesn't have any hands-on exercises because, in the very 
beginning of a semester, students may not be ready to access the software facilities. 

Starting from Chapter 2, a learning-by-doing approach is used throughout the book. Chapters 2 and 3 cover 2D 
geometric modeling and simulations. Chapters 4-7 introduce 3D geometric modeling and simulations. The next two 
chapters are dedicated to two useful topics: Chapter 8 to optimization and Chapter 9 to meshing. Chapter 10 deals with 
buckling and its related topic: stress stiffening. Chapters || and 12 discuss dynamic simulations: Chapter || is on modal 
analysis while Chapter |2 is on transient structural analysis. Up to this point, the discussions are mostly on linear 
problems. Although several nonlinear simulations have been performed, their nonlinear behaviors were not discussed 
further. Chapters |3 and 14 discuss nonlinear simulations in a more in-depth way. Chapter |5 introduces an exciting 
topic: explicit dynamics, which is becoming a necessary discipline for a CAE engineer. 


Features of the Book 


To be Comprehensive and friendly is the ultimate goal of this book. To achieve this goal, the following features are 
incorporated in the book. 

Real-World Cases. There are 45 step-by-step hands-on exercises in the book, each completed in a single 
section. These exercises are designed from 27 real-world cases, carefully chosen to ensure that they are neither too 
trivial nor too complicated. Many of them are industrial or research projects; pictures of real-world products are 
presented whenever available. The size of the problems are not too large so that they can be performed in a free ANSYS 
Student Product, which has a limitation of 32,000 nodes/elements. They are not too complicated so that the students can 
build each project step by step from scratch themselves. Throughout the book, the students don't need any 
supplementary files to work on these exercises. 

Theoretical Background. Relevant background knowledge is provided whenever necessary, such as solid 
mechanics, finite element methods, structural dynamics, nonlinear solution methods (e.g., Newton-Raphson methods), 
nonlinear materials (e.g., plasticity, hyperelasticity), implicit and explicit integration methods, etc. To be efficient, the 
teaching methods are conceptual rather than mathematical; concise, yet comprehensive. The last four chapters (chapters 
|2-15) cover more advanced topics, each chapter having an opening section that gives basics of that topic in an efficient 
way to facilitate the subsequent learning. 

How the Workbench internally solves a model is also illustrated throughout the book. Understanding these 
procedures, at least conceptually, is useful for a CAE engineer. 

Key concepts are inserted whenever necessary. Must-know concepts, such as structural error, finite element 
convergence, and stress singularity, are taught by using designed hands-on exercises, rather than by abstract lecturing. For 
example, how finite element solutions converge to their analytical solutions, as the meshes become finer, is illustrated by 
guiding the students to plot convergence curves. That way, the students should have strong knowledge of the finite 
elements convergence behaviors. And, after hours of laborious working, they will not forget it for the rest of their life! 
Step-by-step procedures guiding the students to plot curves to illustrate important concepts are one of the featured 
teaching methods in this book. 

Learning by Hands-on Exercises. A learning approach emphasizing hands-on exercises is used through the 
entire book. In my own experience, this is the best way to learn a complicated software such as ANSYS Workbench. A 
typical chapter, such as Chapter 3, consists of 6 sections, the first two sections providing two step-by-step examples, the 
third section giving a more systematic view of the chapter subjects, the following two sections providing more exercises 
in a not-so-step-by-step way, and the final section providing review problems. 
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Demo Videos. Each of the 45 step-by-step exercises has been screen-recorded. See Access Code or Author's 
Webpage, next page, for details. 

ANSYS On-line References. One of the objectives of this book is to serve as a guide through the huge 
repository of ANSYS on-line documentation, a well of knowledge for many students and engineers. The on-line 
documentation includes a theory reference, an element reference, and many examples. Whenever helpful, we point to a 
location in the on-line documentation as further study for the students. 

End-of-Chapter Keywords. Keywords are summarized at the ending section of each chapter in a quiz form. 
One goal of this book is to help the students comprehend the terminology and use it efficiently. That is not always easy 
for some students. For example, whenever asked "What are shape functions?" most of the students cannot satisfyingly 
define the terminology. Yes, many textbooks spend pages teaching students what the shape functions are, but the 
challenge is how to define or describe a term in less than two lines of words. This part of the book demonstrates how 
to define or describe a term in an efficient way; for example, "Shape functions serve as interpolating functions, to 
calculate continuous displacement fields from discrete nodal displacements." 


To Instructors: How | Use the Book 


| use this book in a 3-credit |8-week course, Computer-Aided Engineering. The progress is one chapter per week, 
except Chapter |, which takes 2 weeks. Each week, after a classroom introduction of a chapter using lecture slides, | set 
up a discussion forum in an e-learning system maintained by the university. After completing the exercises of the chapter, 
the students are required to participate in the discussion forum. 

In the forum, the students may post their questions, help or answer other students’ questions, or share their 
comments. In addition to taking part in the discussion, | rate each posted article with 0-5 stars; the sum of the ratings 
becomes the grade of a student's performance for the week. The weekly discussion closes before next classroom hours. 

The course load is not light. Nevertheless, most of the students were willing to spend hours working on these step- 
by-step exercises, because these exercises are tangible, rather than abstract. Students of this generation are usually 
better in picking up knowledge through tangible software exercises rather than abstract lecturing. Further, the students 
not only feel comfortable to post questions in the forum but also enjoy helping other students or sharing their 
comments with others. 

At the end of the semester, each student is required to turn in a project. Students who are currently working as 
engineers usually choose topics related to their jobs. Students who are working on their theses usually choose topics 
related to their studies. They are also allowed to repeat a project found in any reference, as long as they go through all 
details by themselves. The purpose of the final project is to ensure that students are capable of carrying out a project 
independently, which is the goal of the course, not just following the step-by-step procedures in the book. 


To Students: How My Students Use the Book 


Many students, when following the steps in the book, often made mistakes and ended up with different results from those 
in the book. In many cases they cannot figure out in which steps the mistakes were made. In that case, they have to redo 
the exercise from the beginning. It is not uncommon that they redid the exercise several times and finally saw the 
beautiful, reasonable results. 

What | want to say is that you may come across the same situation, but you are not wasting your time when you 
redo the exercises. You are learning from the mistakes. Each time you fix a mistake, you gain more insight. After you 
obtain the reasonable results, redo it and try to figure out if there are other ways to accomplish the same results. That's 
how | learned finite element simulations when | was a young engineer. 

Finite element methods and solid mechanics are the foundation of mechanical or structural simulations. If you 
haven't taken these courses, plan to take them after you complete this course. If you've already taken them and still feel 
uncomfortable, review them. 
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Project files 


Finished project files are available. See Access Code or Author's Webpage below for details. 

If everything works smoothly, you don't need the finished project files at all. Every project can be built from scratch 
according to the steps described in the book. The author provides these project files just in case you need them. For 
example, when you run into troubles and you don't want to redo from the beginning, you may find these files useful. Or, 
when you have trouble following the geometry details in the book, you may need to look up the geometry details from 
the project files. 

The most important reason we provide the finished project files is as follows. It is strongly suggested that, in the 
beginning of an exercise when previously saved project files are needed, you use the project files provided by the author 
rather than your own files so that you are able to obtain results that have minimum differences in numerical values from 
those in the textbook. 

These finished project files are saved in the ZIP compressed format. Please decompress a file before it is opened 
with ANSYS Workbench. 


Access Code 


Each copy of this book includes an access code which gives you access to the finished project files, demonstration videos, 
and lecture slides. Instructions to redeem your code are located on the inside of the front cover of this book. 


Author's Webpage 


A webpage dedicated to this book is maintained by the author. The project files, demonstration videos, and lecture slides 
can be downloaded from the webpage: 


http://lab.es.ncku.edu.tw/hhlee/Site/ANSYS202 | .html 


Notations 


To efficiently present the material, the writing of this book is not always done in a traditional format. Chapters and 
sections are numbered in a traditional way. Each section is further divided into subsections, for example, the 3rd 
subsection of the 2nd section of Chapter | is denoted as "1.2.3." Textboxes in a subsection are ordered with numbers 
enclosed by a pair of square brackets (e.g., [4]). We may refer to such a textbox as "|.2.3[4]." When referring to a 
textbox in the same subsection, we drop the subsection identifier; for the foregoing example, we simply write "[4]." 
Equations are numbered in a similar way, except that the equation number is enclosed by a pair of round brackets 
(parentheses) rather than square brackets. For example, "!.2.3(1)" refers to the Ist equation in the Subsection 1.2.3. 
Numbering notations are summarized as follows (some of these notations are reiterated in |.1.1[6] (page 10), 1.1.2[9] 
(page 12), and 2.1.2[12] (page 58): 


[1], [2], ... A number enclosed by brackets is used to identify a textbox. 

(1), (2), ... A number enclosed by round brackets is used to identify an equation. 
ReferencelRef !] Superscripts are used for references. 

Mechanical Boldface is used to highlight Workbench keywords. 

Round-cornered textboxes | A round-cornered textbox indicates that mouse or keyboard actions are needed. 
Sharp-cornered textboxes A sharp-cornered textbox is for commentary; no mouse or keyboard needed. 
se 1s |) Nad oe An arrow is used to point to the location of the next textbox. 

a This symbol is used to indicate that the next textbox is on the next page. 

#f This symbol is used to indicate that it is the last textbox of a section. 
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Chapter |! 


Introduction 


Purpose of This Chapter 


ANSYS is a software implementation of finite element simulations on many types of problems, including structural, 
mechanical, fluid, electromagnetic, etc. This book discusses only structural and mechanical simulations. This chapter 
shows the procedure of a typical structural simulation using Workbench (Section |.1), explains the organization of this 
book (Section |.1), reviews solid mechanics (Sections |.2 and 1.4), and gives a brief introduction of finite element 
methods (Section 1.3). 


About Each Section 


The procedure of structural simulations and the organization of this book is illustrated in Section |.1 by using a case 
study. Section |.1 also serves as a preamble for the topics in Sections 2, 3, and 4. 

Section |.2 introduces quantities such as displacements, stresses, and strains, which are used throughout the book. 
With these quantities, the equations that govern the behavior of a structural system are presented. 

ANSYS solves these governing equations by finite element methods. Section |.3 introduces the basic ideas and the 
procedure of the finite element methods. The introduction is conceptual rather than theoretical or mathematical. These 
concepts should be adequate for the purpose of understanding the topics in the later chapters. 

One goal of structural simulations is to predict whether or not a system would fail. We usually compare the 
calculated stresses with certain critical values. If the calculated stresses are larger than the critical values, then the 
system is said to fail. Section |.4 discusses the theories of failure criteria. 


This is the Only Chapter without Hands-On Exercises 


All chapters of this book use the learning-by-doing approach, except this chapter. There are no hands-on exercises in this 
chapter. The main reason is that an overall picture is usually helpful before any hands-on exercises. A secondary reason 
is that, in the first week of a semester, students may not be ready to access the software facility. 
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Section I.! 


Case Study: Pneumatically Actuated 
PDMS Fingers**" 


This section demonstrates a typical ANSYS Simulation procedure and introduces the organization of the book. There are 
no step-by-step exercises in this section; you don't have to sit in front of a computer when reading this section. In 
Section 9.1, you will be guided to conduct this simulation. 


l.1.1 Problem Description 


About the Pneumatic Fingers 


[|] The pneumatic fingers (see [2]) are designed as part of a surgical parallel 
robot system remotely controlled by a surgeon through the internet!Ref 2], 
The fingers are made of a PDMS-based (polydimethylsiloxane) 
elastomer material. The geometry of a typical finger is shown in [3], in 
which 14 air chambers are cut from the material. 
The air chambers locate close to the upper surface, so when the air 
pressure is applied, the finger bends downward [4-5]. > 
[2] A robotic hand has 
five fingers, remotely 


controlled by a surgeon 
through the internet. < 


[3] The finger has a size of 
80 x 5 x10.2 mm’ and has 1/4 air 
chambers, each 3.2X2x8 mm’. | 


About Textboxes 


[6] In this book, textboxes within a 
subsection (e.g., |.1.1) are ordered with 
numbers enclosed by square brackets (e.g. 
[1]). When you read, please follow the 
order of the textboxes. An arrow is used 


- [4] This is the 


undeformed shape. “ 


at the end of a textbox to locate the next 
textbox (e.g. >, <, |, 7,and — in [I-5]). 
The symbol | | is used to indicate that the 
next textbox is on the next page (e.g., [6]). 
The symbol # is used to indicate that it is 
the last textbox of a subsection (e.g., [9], 


[5] As the air pressure 
is applied, the finger 


bends downward. > 
next page). _ | 
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5 

About the PDMS Elastomer 

4 [8] This is the stress- 
[7] The mechanical properties of a PDMS elastomer are _ ens 
functions of the ingredients. The chart in [8] shows the c 3 PDMS elastomer used 
stress-strain curve of the PDMS elastomer used in this = in this case. | 
caselRef 3], The curve exhibits a linear stress-strain 3 ’) 
relationship up to a strain of about 0.6. Within this range, 7) 
the Young’s modulus (the slope of the curve) is estimated | 
to be 2.0 MPa (1.2 MPa divided by 0.6). Besides, the ; 


Poisson’s ratio is 0.48, from another test. > ' 
0 0.2 0.4 0.6 0.8 1.0 


Strain (Dimensionless) 


Purpose of the Simulation 


[9] The purpose of this simulation is to assess the efficiency of the design, defined as the vertical deflection under an air 
pressure of 0.18 MPa. We also want to plot a deflection-versus-pressure chart (|.1.8[6], page 19; also see I.1.12[3-4], 
page 23). # 


1.1.2 Workbench GUI 


[I] In aWindows system, you can launch Workbench from the Start menu or double-click a Workbench icon (if there 
is one) on the desktop [2]. A Workbench GUI (graphic user interface) then shows up [3]. The Workbench GUI 
is a gateway to Workbench applications. The Workbench applications that will be used in this book are Project 
Schematic, Engineering Data, DesignModeler, Mechanical, and Design Exploration. / 


[4] Toolbox. > [>] Project 
Schematic. | 


[3] Workbench GUI. jlimport.. ea ee) PE 
shows up. > J Project Sch 


& Analysis Systems 
heel [7] A Static Structural 


Electric analysis system is created in 

Se aie ebachllan nowt’ Project Schematic. The 
low- Extrusion Polyfiow) ares ; six cells in the analysis system 

uid Flow (CFX) ie z Fi . . 

uid Flow (Fluent) indicate that six steps are 

uid Flaw (Polftow) B so ? needed to perform a static 

Harmonic Response : . 

structural analysis. | | 


9 Hydrodynamic Diffradion 
2 Hydrodynamic Response 
£4 Ic Engine (Fiuent) 

BS IC Engine (Forte) 

(i) Magnetostatc 

By Modal 


= 


Ely Random Vibration 
Response Spectnm ‘i 

. ee ive [6] Double-click to create 

[ej Static Structural i a Static Structural 

ra] Steady-State Thermal l . 

i analysis system. 7 

3) Topology Optimzaton 

G4 Transient Structural 

#8 Transient Therma 

fy Turbomachinery Fluid Flow 


SOOeGbee® 


Static Structural 


[2] Launch 
Workbench. { 


m_ Show Progress | .® Show 0 Messages 
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[8] On the left of the Workbench GUI is a Toolbox ([4], last page), and on the right is a Project Schematic 
window [5]. Toolbox lists available Analysis Systems, which may be different in your computer from here, 
depending on your installation. In this book, "analysis" and "simulation" are often interchangeable, for example, "static 
structural analysis" is synonymous to "static structural simulation." Here, we want to perform a Static Structural 
analysis. 

Double-clicking Static Structural [6] in Toolbox creates a Static Structural analysis system [7] in the 
Project Schematic window. The six cells in the analysis system indicate that six steps are needed to perform a 


static structural analysis: (a) prepare engineering data, (b) create a geometric model, (c) divide the geometric model into 
a finite element mesh, which is also called a finite element model, (d) set up loads and supports, (e) solve the finite 
element model, and (f) view the results. 

Double-clicking each cell will bring up a relevant application to process that step. | 


[9] In this book, to facilitate the readability, a Workbench keyword is usually boldfaced, e.g., Static Structural in [8]. 
In cases where boldface does not help the readability, then the boldface may not be necessary, e.g., Workbench in [2]. # 


|.1.3 Prepare Engineering Data 


[|] Double-clicking Engineering Data cell [2] brings up Engineering Data [3]. Here, we want to specify material 
properties for the PDMS elastomer. The material is modeled as a linear Isotropic Elasticity material, for which we 
need to input a Young’s modulus (2.0 MPa) and a Poisson’s ratio (0.48) [4-6]. At completion, close the Engineering 
Data application [7] and return to Project Schematic. // 


[7] Click to close the application and 
return to Project Schematic. # 


[5] Double-click 

Isotropic Elasticity to 1 Nest Wart 

include this material ‘a i tee Ta Ms Comes cee 2 
model. \ ae] Al int @ A2:Engineering Da 


f Filter Engineering Data [jj Engineering Data Sources 


[3] The Engineering Data 
application shows up. | 
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[4] Type a name to adda 
new material to 
Engineering Data. — 


. |) Linear Elastic 


[2] Double-click to start 
up the Engineering 
Data application. — 
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[6] Type the values for the 
Young's modulus and 
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1.1.4 Create Geometric Model 


[5] Double-clicking Geometry 
would start up the default geometric 
modeler, SpaceClaim. | | 


[4] SpaceClaim is another 
CAD application provided by 
Workbench. \ 


4 


| 7 Static Structural 


2 - Engineering Data 
3 | @ Geometry | es pear ERE [1] Right-click Geometry and select 
. _ New DesignModeler 
4 @ Model s New DesignModeler Geometry... . Geometry... to start up the 
5 WW Setup ‘P| “Import Geometry h DesignModeler application (its 
— | | | is shown in [6], nex 
6 asl Solution “S| Sa Duplicate GU Ss SNOW [6] ext page) VA 
7 ~ Reais > Transfer Data From New » 
Transfer Data To New * 
Static Structural i” ices [3] You might create a geometric model 
| lis using any CAD software and then 
——— es import the model to Workbench. { 


Reset 


Ela) Rename 


Properties 


Quick Help 


Add Note 
|e i a | 


Ways of Creating Geometric Models 


[2] You might create a geometric model using any CAD software (e.g., SOLIDWORKS, PTC Creo, Autodesk Inventor) 
and then import the model to Workbench [3]. However, | suggest that you create a geometric model using one of the 
two CAD applications provided by Workbench, since they are specifically designed for use in ANSYS Workbench 
simulations. 

The two CAD applications in Workbench are DesignModeler [|] and SpaceClaim [4]. Until ANSYS 15, 
DesignModeler is the only built-in geometric modeler in Workbench. For simple and small models, DesignModeler 


serves well enough; but for complicated and large models, the engineers often resort to a CAD software such as 
SOLIDWORKS, PTC Creo, Autodesk Inventor, etc., and then import the model to Workbench [3]. In ANSYS 16 and 
|7, SpaceClaim was included in Workbench as a second modeler, and DesignModeler remained as the default 
modeler. Starting from ANSYS 18, SpaceClaim becomes the default modeler [5], and DesignModeler serves as 
an alternative modeler. 

In this book, since all the geometric models are simple and small, we will use DesignModeler to create the 
geometric models. Remember, the focus of this book is the finite element simulations, not the geometric modeling. Tf 
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[6] DesignModeler. | 


Of) A: Static Structural - DesignModeler 
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of. KYPlane 
y>te ZXPlane 
vate YZPlane 
+) EB Extrude! 
+), OB Extrude? 
+ Mp | Part, 1 Body 
[8] A geometric model for 


the pneumatic finger. | | 


0.000 15.000 30.000 (ram) 
a 
7.500 22.500 
Model View | Punt Preview 
QO Ready No Selection Millimeter Degree 0 0 


[7] The functions of DesignModeler are similar to any other CAD software except, as we mentioned, that 
DesignModeler is specifically designed to create geometric models for use in ANSYS Workbench simulations. Due to 
the symmetry, we will create only one half of the pneumatic finger, as shown in [8]. 

Creating the geometric model in our case is relatively simple. It can be viewed as a two-step task, and each step 


consists of a 2D sketching and a 3D extrusion. The procedure is summarized as follows. 


Step |. Create an 80 mm x 5 mm x 5.1 mm solid. 
Step |.1. Sketch an 80 mm x 5 mm rectangle ([9], next page). 
Step |.2. Extrude the sketch 5.1 mm to create a solid [10]. 
Step 2. Create fourteen 3.2 mm x 2 mm x 4 mm air chambers. 
Step 2.1. Sketch fourteen 3.2 mm x 2 mm rectangles [I 1]. 
Step 2.2. Extrude the new sketch 4 mm deep to cut material from the existing solid [12]. fT 
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2D and 3D Simulations 
-" [13] Workbench supports 2D and 3D simulations. 
mn Sig | For 3D simulations, Workbench supports three types 
Pe ig “ of geometric bodies: solid bodies (which have 


volumes), surface bodies (which do not have volumes, 
but have surface areas), and line bodies (which do not 
have volumes or surface areas, but have length). Thin 
shell structures are often modeled as surface bodies 
(Chapter 6); Beam or frame structures are often 
modeled as line bodies (Chapter 7). Solid, surface, 
and line bodies can be mixed up in a 3D model. For 
2D simulations, Workbench supports solid bodies 
only (Chapter 3). A 2D model must be created 
entirely on XYPlane. | 


[9] (Step |.1) 
Sketch a rectangle 
on XYPlane. | 


. 
“e 
‘ 
. 
oy 
. 
. 


More on Geometric Modeling 


[14] Creating a geometric model is usually more 

E involved than that example; nonetheless, often, it still 
xtrude the , 
sketch 5.1 mm fo _ 4 can be viewed as a series of two-step operations 
create a solid. | SJ demonstrated in this case: drawing a sketch and then 
; using the sketch to create a 3D body by one of the 

modeling tools, such as extrusion, revolution, 
sweeping, and skin/lofting (4.4.8[1], page 201). 

Geometric modeling is the first step toward 
successful finite element simulations. Chapters 2 and 
4 demonstrate some geometric modeling techniques 
using DesignModeler. Chapter 2 focuses on 
sketching methods. Some of the sketches created in 
Chapter 2 are reused in Chapter 3 to demonstrate 
the creation of 2D solid models. Simulations of 
these 2D solid models are then performed in 
Chapter 3. 

Chapters 4-7 discuss 3D geometric modeling 
and linear static simulations (except 7.1, which 
involves geometric nonlinearities). Chapter 4 
demonstrates the creation of 3D solid models and 
Chapter 5 demonstrates 3D simulations using the 
solid models created in Chapter 4. Chapter 6 
demonstrates 3D surface modeling and simulations, 
and Chapter 7 demonstrates 3D line modeling and 
simulations. 

In the real-world, there are no such things as 
[12] (Step 2.2) Extrude surface/line geometries, therefore surface/line 
the rigop skecah ran A models (as well as 2D solid models) are called 
deep to cut material from oN conceptual models. # 
the existing solid. 7 


[10] (Step 1.2) 


[11] (Step 2.1) 
Sketch fourteen 
rectangles on 
XYPlane. | 
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1.1.5 Divide the Geometric Model into Elements 


[!] The procedure used by Workbench to solve a problem is called a finite element method, which can be viewed 
as two major steps: (a) establishing governing equations and (b) solving the governing equations. The geometric body of 
a real-world problem is often too complicated to write down the governing equations directly. A basic idea of the finite 
element method is to divide the body into many geometrically simpler shapes called elements. The elements are 
connected by nodes. The governing equations for each element then can be easily established, and the system of 
equations for all elements can be solved simultaneously. We will discuss this idea further in Section 1.3. 

Since the elements have finite size (in contrast to the infinitesimal sizes of elements in Calculus), they are called 
finite elements. The collection of the elements is called a finite element mesh; in Workbench, a finite element 
mesh is also called a finite element model. In this book, we define the finite element model as a finite element mesh 
plus its environment conditions (loads and supports). The environment conditions are introduced in |.|.6, next page. 

Double-clicking the Model cell [2] in Static Structural brings up a Mechanical GUI [3]. The rest of the 
simulation will be done in Mechanical; that is, the functions of Mechanical include meshing, set up of loads and 
supports, solution, and viewing results [4]. 

Workbench can perform meshing task under your control [5]. In Details of Mesh, Statistics displays the 
number of nodes and elements [6]. 

The quality of a mesh cannot be overemphasized. Although it is possible to let ANSYS Workbench perform the 
meshing automatically, its quality is not guaranteed. Achieving a high quality mesh is not trivial; it needs much 
background knowledge and experience. Chapter 9 demonstrates many meshing techniques. | 
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|.1.6 Set up Loads and Supports 


[1] In the real-world, a body is a part of the world, interacting with other parts of the world. When we take a body 
apart for simulation, we are cutting it away from the rest of the world. The cutting surfaces are the boundary surfaces 
of the body. In theory, the choice of the boundary surfaces is arbitrary; however, we need to specify the boundary 
conditions on ALL of the boundary surfaces. In Workbench, conditions applying on the finite element mesh are called 
the environment conditions, including the boundary conditions and the conditions that are not specified on the 
boundaries. The temperature change INSIDE a body is an example of environment conditions that are not specified on 
the boundaries; another example is the gravitational forces. 

In our case, things surrounding the half model of the pneumatic finger are pressurized air in the chambers [2], the 
material connecting the root of the finger [3], the material on the other side of the model [4], and the atmosphere air 
around the rest of the boundary surfaces. 

Modeling the pressurized air in the chambers is straightforward: specify a pressure of 0.18 MPa for all the surfaces 
of the chambers [2]. The root of the finger is modeled as fixed support [3]. The plane of symmetry is modeled as 
frictionless support [4]. Note that a plane of symmetry is equivalent to a surface of frictionless support. Finally, 
assuming the atmospherical air has little effect on the model, we simply neglect it and model all the boundary surfaces 
surrounded by atmospherical air as free boundaries, i.e., boundaries with no forces acting on them. 

As mentioned (1.1.5[1], last page), a finite element model is defined as a finite element mesh plus its environment 
conditions. We will stick to this definition throughout the book. Make sure that you can distinguish these three terms: 
geometric model, finite element mesh, and finite element model. | 


[3] This end surface is modeled 
as a fixed support. > 


A: Static Structural 
Static Structural 
Time: 1.5 


[A Pressure: 0.18MPa 
[B)) Frictionless Support 
[) Fixed Support 


[4] This is a plane 
of symmetry. | 


[2] A pressure of 0.18 MPa is 
applied in the chambers. \ 


: 


More on Environment Conditions 


[5] Modeling environment conditions is sometimes not so easy as in this case. The challenge comes from the need of 
domain knowledge. It is not possible to perform a structural analysis if an engineer doesn't have enough domain 


knowledge of structural mechanics. 
We will start to introduce environment conditions in Chapter 3. From then on, each chapter will involve some 
demonstrations of environment conditions. # 
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1.1.7 Solve Finite Element Model 


[1] To solve a finite element model, simply click Solve in Mechanical GUI [2]. The time to complete a simulation 
depends on its problem size (number of nodes and number of elements), number of time steps, and nonlinearities. 
As mentioned (1.1.5[1], page 16), the solution procedure can be viewed as two major steps: establishing governing 


equations and solving the governing equations. Section |.2 overviews structural mechanics and summarizes the 
governing equations. How does ANSYS Workbench establish and solve these governing equations? The answer is finite 
element methods. Section |.3 summarizes finite element methods, quickly equipping the students with enough concepts 
of the methods so they can proceed to learning the materials in this book. | 
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1.1.8 View Results 


[1] After solving a problem, numerical results are stored in the databases, available for your request. In our case, we are 
concerned about the vertical deflection [2-4]. The deformation can be animated [5]. A deflection-versus-pressure 
chart is useful ([6-7], next page), in which the deflection is measured at the tip of the finger [4]. | 
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Graph ¥ |x 
Animation 14 [Mi] Pl [JM |20Femes | 16) A deflection- | * 
076522 versuS-pressure 7 
4 ec curve. — a __ ate [7] Numerical values for the 
a ; deflection-versus-pressure 
< a : curve. Note that the time is 
E 2 he: used as a counter," not the 
ioe real-time. In static simulations, 
int by default, Workbench 
hy assumes that all loads apply 
21535 a ne a a ee a Se. _ incrementally in 1.0 sec. | 


[8] In this case, we assume the stress-strain relationship of the PDMS material is linear (1.1.3[5], page 12). This implies 
that the strains are less than 0.6 (1.1.1[7-8], page | 1). This assumption has to be verified at this point. The results show 
that the maximum strain is about 0.47 [9], well below 0.6. Note that we also assumed the compressive behavior is the 
same as tensile behavior, but this is usually not true for an elastomer under such a large deformation. A more accurate 
material model, a hyperelasticity model, for the elastomer will be introduced in Chapter 14. | 


A: Static Structural 
Maximum Principal Elastic Strain 
Type: Maximum Principal Elastic Strain 
Unit: mm/mm 
Time: 1 


046735 Max 


0.41542 
0.3635 
0.31157 
0.25965 
0.20772 
0.1558 
0.10387 
0.051948 
2.3075e-5 Min 


[9] Maximum 
principal strain. | 


[10] Lastly, the stress is reviewed. It shows that the maximum von Mises stress, defined in Eq. |.4.5(15) (page 46), is 
1.06 MPa ([1 1], next page). The test data (I.1.1[8], page | 1) show that the material can withstand up to 4.5 MPa 
without failure. The design is safe as far as the stress is concerned. 


Failure Criteria 


The main purpose of checking the stresses is to make sure the material doesn't fail under specified load. What is von 
Mises stress ([I 1], next page)? The test data (1.1.1[8], page | 1) are produced according to a uniaxial tensile test, but 
the stress state in the pneumatic finger, as in any other real-world situations, is 3D by nature. How can we compare a 
3D stress state with a uniaxial one, and judge the failure of the material? Section |.4 will discuss failure criteria of 
materials. | | 
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A: Static Structural 

Equivalent Stress 

Type: Equivalent (von-Mises) Stress 
Unit: MPa 

Time: 1 


1.0635 Max 
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Mises stress. # 


|.1.9 Buckling and Stress-Stiffening 


[|] The more tension in a guitar string, the more force you need to deflect the string laterally. In technical words, the 
string's lateral stiffness increases as the longitudinal tensile stress increases; i.e., the longitudinal tensile stress causes the 
string to be stiffer in lateral direction. By lateral direction, we mean the direction orthogonal to the longitudinal 
direction. The increase of lateral stiffness can also be justified by the fact that the string's vibrating frequency (pitch) 
increases with the increase of its tension, since stiffer strings have higher frequencies. This effect is called the stress- 
stiffening effect: a structure's lateral stiffness increases with the increase of its longitudinal tensile stress. 

Is the opposite also true? That is, does the lateral stiffness of a structure decrease with the increase of its axial 
compressive stress? For example, does a column's lateral stiffness decrease when subject to an axial compressive 
force? The answer is YES. An even more dramatic phenomenon is that, as the compression is increasing and the lateral 
stiffness is decreasing, the lateral stiffness will eventually reach zero and the structure is said to be in an unstable state, 
in which a tiny lateral force would deflect the structure infinitely. This phenomenon is called buckling. 

The buckling must be considered in a compressive structural component, particularly when its lateral dimension is 
much smaller than the longitudinal dimension; for example, slender columns subject to axial loads, thin-walled pipes 
subject to a circumferential twist. 

Back to the pneumatic finger. Instead of air pressure applied on the chambers’ surfaces, we now apply an upward 
lifting at the finger tip [2]. The upper surface, which is essentially a layer of thin PDMS film, would undergo compressive 
stress [3]. Our concern then is to know the magnitude of the lifting force that will cause the thin film buckle. 

Simulations of buckling and stress-stiffening will be covered in Chapter 10. | 


[3] The upper surface [2] If we apply an 
would undergo upward lifting at the 
compressive stress. # end surface... <— 
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|.1.10 Dynamic Simulations 


[1] If the load (air pressure) is applied to the chambers very fast, the deformation would also occur very fast. When a 
body moves or deforms very fast, two effects must be taken into account: inertia effect and damping effect. Combination 
of these two effects is called dynamic effects. When the dynamic effects are considered in a simulation, it is called a 
dynamic simulation. 

Imagine that the pressure in the chambers is increased from zero to 0.18 MPa in just 0.1 seconds. The pressure is 
applied so fast that the deformation must also be very fast and dynamic effects must play an important role in the 


structure's behavior. The figure and the chart below show the time-varying deflections of the finger tip under such a 
loading condition [2-5]. The curve [5] shows that the deflections in a dynamic simulation can be much larger than 
those obtained in a static simulation. Furthermore, the vibration lasts for several seconds. This, as a surgical application, 
is not desirable. 

The foregoing simulation, a structure subject to dynamic loads, is called a transient structural simulation. Chapters |2 
and [5 will cover transient structural simulations: Chapter |2 discusses implicit methods while Chapter |5 introduces 
explicit methods. > 
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[5] The deflections settle to a steady 
value, which is the same as that 
obtained in a static simulation. # 
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L.1.1 1) Modal Analysis 


[1] A special case of dynamic simulations is the simulation of free vibrations, the vibrations of a structure without any 
external loading (but prestress is allowed). Consider that you deflect a structure and then release, causing the 
structure to vibrate without external forces. We want to know the behavior of this free vibration. The simulation is 
called a modal analysis. The results of modal analysis include the natural frequencies and the vibration modes of the 


structure. The figure below [2-5] shows the four lowest natural frequencies and the corresponding vibration modes. 
A modal analysis is much less expensive (in terms of engineer's work hours and computing time) than a transient 


analysis and is often performed before a transient analysis to obtain preliminary dynamic characteristics of a structure. 
Chapter |! will discuss modal analysis and its applications. | 
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1.1.12 Structural Nonlinearities 


[1] When the responses (deflection, stress, strain, etc.) of a structure are linearly proportional to the loads, the 
structure is called a linear structure and the simulation is called a linear simulation. Otherwise the structure is called a 
nonlinear structure and the simulation is called a nonlinear simulation. 


Structural nonlinearities commonly come from three sources: (a) Due to large deformation; this is called geometry 


nonlinearity. (b) Due to the topological change of the structure; this is called topology nonlinearity. A common case of 
topology change is the change of contact status, and is called contact nonlinearity. (c) Due to the nonlinear stress-strain 
relationship of the material; this is called material nonlinearity. |_| 
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[2] In this case, the stress-strain relationship of the PDMS is almost linear within the range of operational air pressures, 
and there is no contact between any parts; therefore, there is no material nonlinearity or contact nonlinearity. It, 
however, has a deflection so large that it exhibits a certain degree of geometry nonlinearity. 

The curve in [3] is reproduced from the curve in |.1.8[6-7], page 19. It shows a nonlinear relationship between the 
deflection and the pressure. For comparison, we also include a linear solution [4]. The linear solution is obtained by 
turning Large Deflection off [5] and solving the model again. 


A comparison between the nonlinear solution [3] and the linear solution [4] concludes that, in this case, the error 
would be significant if geometry nonlinearity were not taken into account. 

Solving a nonlinear problem is often challenging and sometimes frustrating. Real-world problems often involve 
nonlinearities to some degree. We will experience nonlinear simulations as early as in Section 3.2, without detailed 
discussions of nonlinear solution controls. Chapters |3 and 14 are dedicated to the discussion of nonlinear simulations; 
Chapter |3 discusses general nonlinear solution methods and covers geometry nonlinearity and contact nonlinearity, 
while Chapter |4 discusses material nonlinearity. | 


[4] This represents a linear 


0 solution; it is obtained by turning 
Large Deflection off [5] and 
, — _4 solving the model again. / 
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[5] Large Deflection option 


can be used to turn on/off 
geometry nonlinearity. # 
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Section |.2 


Structural Mechanics: A Quick Review 


This section (a) defines a structural analysis problem, so the students have a clear picture about the input and the output 
of a structural analysis system; (b) introduces basic terminology that will be used throughout the book, such as 
displacements, stresses, and strains; (c) and summarizes equations that govern the behavior of the structure, so the 
students know what equations Workbench is solving. 

To simplify the discussion, this review is limited to homogeneous, isotropic, linear static structural analyses. That is, 
(a) the material is assumed to be homogeneous, isotropic, and linearly elastic. Assumption of linear elasticity implies that 
Hooke's law is applicable; (b) the deformation is small enough so that we assume a linear relationship between the 
displacements and the strains; (c) there are no changes of topology; specifically, there are no changes of contact status 
during the deformation; (d) the deformation is slow enough so that the dynamic effects can be neglected. 

The concepts introduced in this section can be generalized to include non-homogeneous, anisotropic, nonlinear, 
dynamic problems. 


|.2.1 Structural Analysis Problems 


[1] Engineering analysis (e.g., structural, mechanical, flow, electromagnetic) is to find the responses of a problem domain 
subject to environmental conditions. 

In structural analyses, the problem domain consists of solid bodies; the environmental conditions include loads and 
supports; the responses can be described by the displacements, stresses, or strains. 

For the pneumatic fingers case (Section |.1), the problem domain is a body made of the PDMS elastomer. There 
are two support conditions: fixed support at one of the end faces and frictionless support at the face of symmetry. 
There is one load: the air pressure applied on the faces of the air chambers. 

Note that these environmental conditions are applied on boundary faces, so these conditions are also called 
boundary conditions. Environmental conditions may not be applied on boundary surfaces. Common environmental 
conditions that do not apply on boundary surfaces include temperature changes and inertia forces; these loads 
distribute over the volumes (rather than boundary faces) of the problem domain. # 


1.2.2 Displacement 


[1] Deformation of a body can be described by a displacement field {u} ([2-6], next page). Note that {u} is a function of 
positions and, since it is a vector, we may express the displacement with three components, 


(1) 


The three components are, of course, functions of positions. The SI unit for displacements is meter (m). _ | 
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[4] A particle at an 
arbitrary position (X,Y, Z), [6] The displacement {u} of the particle is 
before deformation. \, defined as the vector connecting from 
the position before the deformation to 
the position after the deformation. # 


[5] After deformation, 


[2] This is the body the particle moves to a 
before deformation. | new position. { 


[3] This is the body 
after deformation. 1 


1.2.3 Stress 


[1] The displacement is relatively easy to understand, since the displacement can be defined by a vector, and most 
college students are familiar with the mathematics of vectors. In contrast, the concepts of stress are not so obvious. 

Stresses are quantities to describe the intensity of force in a body (either solid or fluid). Its unit is force per unit 
area (i.e., N/m? in Sl). It is a position-dependent quantity. 

Imagine that your arms are pulled by your friends with two forces of the same magnitude but opposite directions. 
What are the stresses in your arms? Assuming the magnitude of the forces is P and the cross-sectional area of your 
arms is A, then you may answer, "the stresses are P/A, everywhere in my arms." This case is simple and the answer is 
good enough. For a one-dimensional case like this, the stress o may be defined as o = P/A, where P is the applied force 
and A is the cross sectional area. 

In 3D cases, things are much more complicated. Now, imagine that you are buried in the soil by your friends, and 
your head is deep below the ground surface. How do you describe the force intensity (i.e., stress) on your head 
(assuming your head is just like a particle in the sea of the soil)? 

If the soil is replaced by still water, then the answer would be much simpler. The magnitude of the pressure (stress) 
on the top of your head would be the same as the pressure on your cheeks, and the direction of the pressure would 
always be perpendicular to the surface where the pressure applies. You've learned these in your high school. And 
you've learned that the magnitude of the pressure is o = pgh, where p is the mass density of the water, g is the 
gravitational acceleration, and h is the depth of your head. In general, to describe the force intensity at a certain 
position in still water, we place an infinitesimally small body at that position, and measure the force per unit surface area 
on that body. 

In the soil (which is a solid material rather than water), the behavior is quite different. First, the magnitude of the 
pressure on the top of your head may not be the same as that on your cheeks. Second, the direction of pressure is not 
necessarily perpendicular to the surface where the pressure applies. However, the above definition of stresses for 
water still holds (see [2]). _ | 
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Definition of Stress 


[2] The stress at a certain point can be defined as the force 
per unit area acting on the boundary faces of an infinitesimally 
small body centered at that point [3]. The small body can be 
any shape. In general, the stress values may be different at 
different faces, and the stress directions are not necessarily 


normal to the surfaces. And the small body can be any 
shape. To describe the stress in a systematic way, we 
usually use an infinitesimally small cube [4] of which each 
edge is parallel to a coordinate axis. If we can find the 
stresses on the faces of a small cube, we then can calculate 
the stresses on any faces of a small body of any shape. > 


X-Face, Y-Face, and Z-Face 


[5] Each of the six faces of the cube can be assigned an 
identifier, namely X-face, Y-face, Z-face, negative-X-face, 
negative-Y-face, and negative-Z-face, respectively [6-9]. 
Note that the outer normal of the X-face is in the positive 
direction of the X-axis, and so forth. —> 


Stress Components 


[10] Let p, be the force per unit area acting on the X-face. 
In general, may not be normal to the X-face. We may 
decompose p, into X-, Y-,and Z-component, and denote 
O,,»T,y,and T, respectively [11]. The first subscript (X) is 
used to indicate the face on which the stress components 
act, while the second subscript (X,Y, or Z) is used to 
indicate the direction of the stress components. Note 
that o,, is normal to the face, while t,,,and 7, are 
parallel to the face. Therefore, o,, is called a normal stress, 
while t,,,and 7, are called shear stresses. We usually use 
the symbol o for a normal stress and z for a shear stress. 


Similarly, let p, be the force per unit area acting on the 
Y-face and we may decompose p, into a normal component 
(o,,) and two shear components (z,, andz,__) [12]. Also, let 
p, be the force per unit area acting on the Z-face and we 
may decompose p, into a normal component (o_ ) and 
two shear components (rand ¢_) [13]. Organized in a 
matrix form, these stress components may be written as 


a 


[9] Negative-X-face 
(opposite of the X- 
face). / 


[13] The p, (force 
per unit area on Z- 
face) can be 
decomposed into 


OT) and fee i 
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[4] We usually use a small 
cube for the purpose of 
describing the stress. / 


[3] The stress ata 
certain point can 
be defined as the 
force per unit area 
on the boundary 
faces of an 
infinitesimally 
small body 
centered at that 
point. <— 


[12] The p, (force 
per unit area on Y- 
face) can be 
decomposed into 
Ovy»T,,and T. / 


[I1]Thep, (force per 
unit area on X-face) can 
be decomposed into o,,, 

T and tT, T 
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Stress Components on Other Faces 


[14] It can be proven that the stress components on the 


17] The st 
negative-X-face, negative-Y-face, and negative-Z-face can [!7] The stress 


components on the 


be derived from the 9 stress components in Eq. (1), last negative-Z-face have 

page. For example, on the negative-X-face, the stress [15] The stress exactly the same stress 

components have exactly the same stress values as those components on the values as those on the 

on the X-face but with opposite directions [15]. Similarly, negative Atate have ase a — 
exactly the same opposite directions. / 

the stress components on the negative-Y-face have the stress values as those 

same stress values as those on the Y-face but with on the X-face but 

opposite directions [16], and the stress components on with opposite Gos 

the negative-Z-face have the same stress values as those directions. | 


on the Z-face but with opposite directions [17]. 
These can be proved by taking the cube as free body Oo 
and applying the force equilibria in X, Y, and Z directions 
respectively. 
On an arbitrary face (which may not be parallel or 
perpendicular to an axis), the stress components also can 
be calculated from the 9 stress components in Eq. (1), last Y 
page. This can be done by using a Mohr's circle (1.4.2[6], 
page 41). > 


XX 


Symmetry of Shear Stresses 


[18] It also can be proven that the shear stresses are 

symmetric; i.e., [16] The stress 
components on the 
negative-Y-face have 

exactly the same stress 

values as those on the 

These can be proved by taking the cube as free body and Y-face but with 


applying the moment equilibria in X, Y, and Z directions opposite directions. / 
respectively. 


Stress State 


We now conclude that 3 normal stress components and 
3 shear stress components are needed to describe the 
stress state at a certain point; therefore, a stress state 
may be described using a vector 


Note that, to be more concise, we use o,, in place of o,,, 
o, in place of o,,,ando,, in place of o_. 

These 6 components are, of course, functions of 
position. # 
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1.2.4 Strain 


[1] Strains are quantities to describe how the material in a body is stretched and distorted. Strains are defined as the 
displacements of a point relative to its neighboring points. Although the notations of strain components are similar to 
those of stress components, the concepts of strains are even more difficult to comprehend. 

Let's consider 2D cases first; the concepts can be extended to 3D cases. Consider a point A and its neighboring 
points B and C, which are respectively along X-axis and Y-axis [2]. Suppose that, after deformation, ABC moves to a new 
configuration A'B'C’ [3]. Keep in mind that, in this discussion, we assume that the deformation is infinitesimally small. 
Under the small deformation assumption, the normal strains in X-axis and Y-axis can be defined respectively as 


Ey, = a“ (dimensionless) (1) 


A’C’— AC ' 
€, = ————— (dimensionless 2 
The strains defined in (1) and (2) represent the stretch at the point A in X-direction and Y-direction respectively. 
Stretch is not the only deformation modes; there are other deformation modes: changes of angles; e.g., from ZCAB to 
ZC’A’B’, which is defined as the shear strain in XY-plane, 


Vy = ZCAB — ZC’A’B’ (rad) (3) 


Note that the normal strains (1-2) and the shear strain (3) are all dimensionless, since the radian is also regarded as 
dimensionless. 

In the above illustration, we consider only 2D cases. In general, the stretching may also occur in Z-direction and 
the shearing may also occur in YZ-plane and ZX-plane. Therefore, we need six strain components to completely 
describe the stretching and shearing of the material at a point: 


Ex Ey E, Y xy Yvz Y x 


These 6 components are, of course, functions of position. 


[2] To study the strain at A, 
consider its neighboring points 
B and C, which are along X-axis 


and Y-axis respectively. > [3] After deformation, ABC 


moves to A'B'C'. Assume 
the deformation is 
infinitesimally small. | 
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Why Are They Called Normal/Shear Strains? 


[4] The definitions in Eqs. (1-3) do not explain why they are called "normal" strains and "shear" strain, respectively. To 
clarify this, let's redefine normal and shear strains using a different but equivalent way. 

First, we translate and rotate A’B’C’ such that A’ coincides with A and A’C’ aligns with AC [5]. Now the vector BB’ 
is the "absolute" displacement (displacement excluding rigid body motion) of a neighboring point B which is on X-axis 
[6]. This displacement BB’ can be decomposed into two components: BD and DB’; the former is called the normal 
component, while the latter is called the shear component. They are so named because BD is normal to the X-face and 
DB’ is parallel to the X-face. The normal strain and shear strain on X-face are then defined respectively by dividing the 
components with the original length, 


BD 
€. = — (dimensionless 5 
AB ( ) (5) 


xX 
DB’ 
Yar "Ap 


Note that, under the assumption of small deformation, the definition in Eq. (5) is the same as that in Eq. (1), while the 
definition in Eq. (6) is the same as that in Eq. (3). Also note that there are two subscripts in the shear strain y,,. The 
first subscript X is the face where the shearing occurs, while the second subscript Y is the direction of the shearing. 

Similarly, we may translate and rotate A’B’C’ such that A’ coincides with A and A’B’ aligns with AB [7]. Now the 
vector CC’ is the "absolute" displacement of a neighboring point C which is on Y-axis [8]. This displacement CC’ can be 
decomposed into two components: CE and EC’; the former is the normal component, while the latter is the shear 
component. The normal strain and shear strain on Y-face is then defined by 


(rad) (6) 


é&, = = (dimensionless) (7) 


Y 


EC’ 
= rad 8 
Voc =e (rad) 8) 
Note that, under the assumption of small deformation, the definition in Eq. (7) is the same as that in Eq. (2), while the 


definition in Eq. (8) is the same as that in Eq. (3). From Eqs. (3, 6, 8), we may write 


Vxy = Vy = change of a right angle in XY-plane (rad) 9) < 


7] We may translate 
[5] We may translate and a VI er MBC h 
rotate A'B'C' such that A' [8] The vector CC’ is and rotate SUC 


coincides with A and A'C' the "absolute" that A’ coincides with 


° A d A'B' li ith 
aligns with AC. \, displacement of C. # an ie sl wi 


[6] The vector BB’ is 
the "absolute" 
displacement of B. 7 
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1.2.5 Governing Equations 


[1] Let's summarize what we have concluded so far. In structural analysis, we can use the following quantities (all or 
part of them) to describe the response of a structure subject to environmental conditions: 


Copy of |.2.2(1), page 24 
Copy of |.2.3(3), page 27 


Copy of |.2.4(4), page 28 


To solve for these |5 quantities, we must establish |5 equations. These equations are called governing equations; they 
govern the structure's behaviors. These equations, introduced in the rest of this section, include 3 equilibrium 
equations, 6 strain-displacement relations, and 6 stress-strain relations. # 


1.2.6 Equilibrium Equations 


[|] The stress components in Eq. |.2.3(3) (page 27) must satisfy the principle of force equilibrium: 


DF, =0, DF =0, DF, =0 (1) 


If we apply Eqs. (I) on a point INSIDE the structural body, we can obtain three equilibrium equations involving the 
stress components: 


0 0 0 

xt ort ag tn" 
iad y org Tag 0 
OX dY a 

OT, : OT, 900, 


— + 
ox oY aZ 


where b, ,b,,b, are components of body forces (forces distributed in the body, with SI unit N/ m°). If we apply Eqs. (1) 
on a point ON the boundary surface of the structural body, the three equilibrium equations will have the form: 


On, +T,n, +00, + Sy =0 
Tn, +O,n, +Tn, + Sy = 0 (3) 


Tn, +T,n, +O,n, +S. = ( 


where S,,S,,S,are components of surface forces (forces distributed on the boundary, with SI unit N/ m’),andn,,n,,n, 
are components of the unit normal vector on the boundary surface. 

We will not discuss the derivations of Eqs. (2-3); they can be found in any Solid Mechanics textbooks|Res !:21, Here, 
we just reiterate that the equilibrium equations originate from Eq. (1). Also note that, in order to derive Eq. (2), the 
stress components in |.2.3[1 1-13, 15-17] (pages 26-27) must be expanded to include first differential terms. # 
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|.2.7 Strain-Displacement Relations 


[1] There exist geometric relations between the displacement and the strain. Under the assumption of small 
deformation, the relations are linear: 


_ du, _ du, _ du, 
mx ax? ay? © az 
ou, ou Ou, ou 


Y r4 Zz X 


ax’? az ay’ '*" ax” az 


Again, we will not discuss the derivations of Eq. (1); they can be found in any Solid Mechanics textbookslRefs |. 21, 
Here, we just want to reiterate that Eq. (1) is derived from mathematics (geometry) without applying any physical 
principles. Second, if the assumption of small deformation is removed, a strain-displacement relation still exists but is 
no longer linear; there will be some high-order differential terms in the equations. # 


1.2.8 Stress-Strain Relations 


[1] With 3 equilibrium equations (Eqs. |.2.6(2 or 3), last page) and 6 strain-displacement relations--Eq. |.2.7(1)--we need 
6 additional equations to solve the governing equations. From an engineering point of view, it is practical to assume a 
relation between stress and strain. Experiment data show that a linear relation between stress and strain often can be 
adopted; it is called Hooke's lawlRefs |; 2, 3]; 


o o 
é,=—~-y— 
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Although Eq. (1) is purely an assumption (no physical or mathematical principles applied), it is proved to be very 
useful and satisfactory in many cases, depending on the material and the application. Eq. (1) is called a material model; it 
characterizes the behavior of a material, independent of the geometry and environmental conditions. 

There are three material parameters in Eq. (1): the Young's modulus E, the Poisson's ratio v, and the shear modulus 
G. In SI, the Young's modulus and the shear modulus have a unit of pascal (Pa) and the Poisson's ratio is dimensionless. 
It can be shown that these three quantities are not independent to each other; they satisfy the relationlRef 3] 


E 
G= (2) 
2(I+ v) 
We conclude that, for an isotropic, linearly elastic material, any two of E,v, and G can be used to describe the 
stress-strain relation. In Workbench, we usually input the Young's modulus and the Poisson's ratio to define an 
Isotropic Elasticity model (1.1.3[5-6], page 12). | | 
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Thermal Effects 


[2] Consider that the temperature changes over the structural body. Since a temperature change AT induces a strain 
QAT, in which q is the coefficient of thermal expansion, this thermal strain should be added to Eq. (1) (last page); i-e., 


Oo 
E E 


_ tw 
G 


Orthotropic Elasticity 


For orthotropic materials (1 4.1.1[3], page 527), in which there exist three mutual orthogonal planes of material 
symmetry, Hooke's law can be generalized tolRefs |. 2, 3] 


where E, ,E, ,E_are Young's moduli in their respective directions,G,,,G,,,G,, are the shear moduli in their respective 
planes, andv,,,Vv,,,V,, are the Poisson's ratios in their respective planes. The first subscript in each of the Poisson's 


ratios refers to the direction of the load, and the second to the direction of the contraction. For example, v,, 
represents the amount of contraction in Y-direction, when the material is stretched in X-direction. # 
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1.2.9 Summary 


[1] We now have I|5 equations, including three equilibrium equations, either (INSIDE the structural body) 


do, OT, OT,, 
+——+—~+b, =0 

OX OY dZ e 

re) 00, oO 

orn 4 Pr +2 ab =0 
OX dY a@Z 

OT ) ) 

x 4 or ead es =0 
OX odY a@Z 

or (ON the boundary surface) 
On, +T,,n, +T,n, +8, =0 


Tn, + On, +T,n, + Sy =0 


Th, +T_n,. +0,n, + S, =0 


and six equations describing the strain-displacement relation 


du ) du 
e, = —, e =—, é,=—+ 
OX oY dZ 
_ du, du, _ du, du, _ du, du, 
to oy ax’ az ay’ '*~ aX aZ 
and six equations describing the stress-strain relation 
oy ro oy 
€, =~ -v—-—v—++0AT 
2 2 E 
Oo vo 
é, = -v—4 -v—*+0AT 
E E E 
oy Oo 
e, =4-v*~-v—+oAT 
E E E 
T T T 


Copy of |.2.6(2), page 30 


Copy of |.2.6(3), page 30 


Copy of |.2.7(1), page 31 


Copy of |.2.8(3), page 32 


Copy of 1.2.2(1), page 24 
Copy of |.2.3(3), page 27 


Copy of |.2.4(4), page 28 


In practice, only a few simple "textbook problems" can be solved analytically. Most real-world problems are too 
complicated to solve analytically. The complexity mostly comes from the geometry and the environmental conditions. 
Numerical methods are usually the only feasible methods. The finite element methods, which have been the most 
successful numerical methods for boundary-value problems (such as the problems described in this section), are 


implemented in ANSYS Workbench to solve the governing equations. | | 
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Remark 


[2] By "governing equations" of a structural analysis problem, we sometimes mean the equilibrium equations: Eq. 
|.2.6(2) (page 30) governs the behavior in the body and Eq. |.2.6(3) (page 30) governs the behavior on the boundary. 
The two sets of equations constitute a boundary value problem. 

It is possible to replace the stress components in the equilibrium equations by strain components using Eq. |.2.8(3) 
(page 32), and in turn replace the strain components by displacement components using Eq. |.2.7(1) (page 31). The 
result is a set of three equilibrium equations involving three displacement components, and we can solve the three 
differential equations for the three displacement components. 

That is how ANSYS Workbench solves a structural problem (see Eq. |.3.1(1), next page). # 
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Section |.3 


Finite Element Methods: 
A Concise Introduction 


This section introduces (a) terminology relevant to finite element methods, such as degrees of freedom, shape functions, 
stiffness matrix, etc., that will be used throughout the book and (b) the basic procedure of finite element methods, so the 
students have a better understanding about how the Workbench performs a simulation. 


1.3.1 Basic Procedure 


[1] As mentioned (at the bottom of |.2.9[1], page 33), most real-world problems are too complicated to be solved 
analytically, because of the complexity of geometry and/or environmental conditions. Further, when nonlinearity and 
dynamic effects are considered in the problems, then their analytical solutions are practically unreachable. 

A basic idea of finite element methods is to divide the structural body into many small and geometrically simple 
bodies, called elements, so the equations of each element can be established, and all the equations are then solved 
simultaneously. The elements have finite sizes (in contrast to the infinitesimal sizes of elements in Calculus), thus the 
name Finite Element Methods. 

The elements are assumed to be connected by nodes located at the elements’ edges and vertices. An additional 
idea is to solve unknown discrete values (e.g., displacements at the nodes) rather than to solve unknown functions (e.g., 
displacement fields over the body). Since the displacement on each node is a vector and has three components (in 3D 
cases), the number of total unknown quantities to be solved is three times the number of nodes [2]. 

The types of elements available in the ANSYS Workbench and their specific configuration of nodes will be given in 
|.3.3, pages 37-39. | 


[2] In the case of the pneumatic finger, the 
structural body is divided into 3,395 elements 
(1.1.5[6], page 16). The elements are connected 
by 19,201 nodes. There are 3x19,201 unknown 
displacement values to be solved. | 


[3] The nodal displacement components, collectively denoted by a vector {D}, are called the degrees of freedom (DOFs) 
of the structure. They are so called because these values fully define the response of a structure. In a static case, the 
system of equilibrium equations has the following form (also see |.2.9[2], last page) 


[K],OP= TF (I) oy 
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[4] The size of Eq. (1) (last page) is determined by the number of degrees of freedom, which is, in 3D cases, three times 
the number of nodes. The vector {F} is the external forces, which is calculated from the environmental conditions. 
Physical meaning of the matrix [K] can be understood by thinking of the structure as a spring, {F} as external force, and 
{D} as the deformation of the spring. Then [K] is the spring constant, or the stiffness of the spring. In general multiple- 
degrees-of-freedom cases, [K] is called the stiffness matrix of the structure, and the physical meaning of the i** column is 
the forces required to make the i** DOF a unit displacement while restraining the other DOFs from any displacements. 

Note that, for a linear structure, [K] is a constant matrix; while for nonlinear cases (1.1.12, pages 22-23), [K] may be 
viewed as a function of {D}, which will be discussed in Chapters 13 and 14. For dynamic cases (1.1.10 and 1.1.11, pages 
21-22), dynamic effects need to be added to Eq. (1) (last page), which will be discussed in Chapters | 1 and 12. 

After the discrete nodal displacements {D} in Eq. (1) are solved, the displacement fields {u} are calculated by 
interpolating the nodal displacements, either linearly or quadratically [5] (also see Eq. |.3.2(2), this page). These 
interpolating functions are called shape functions. The concepts of shape functions are crucial in the finite element 
methods; they will be discussed further in 1.3.2. 

As soon as the displacement fields {u} become known, the strain fields can be calculated by Eq. |.2.7(1) (page 31), 
the strain-displacement relation. The stress fields in turn can be calculated by Eq. |.2.8(3) (page 32), the stress-strain 
relation. — 


[5] After discrete nodal displacements 
become known, the displacement fields are 
calculated by interpolating the nodal 
displacements. The interpolating functions 

are called shape functions. # 


|.3.2 Shape Functions and the Order of Element 


[1] As mentioned (1.3.1 [4-5], this page), the displacement fields {u} are calculated by interpolating the nodal 
displacements. The interpolating functions are called shape functions; the shape functions establish a relation between 
the displacement fields and the nodal displacements. 

As an example, consider a 2D 4-node quadrilateral element ([3], next page). The nodal displacements of the 
element, collectively denoted by a vector {d}, have 8 components 


{a}={4 4, 4 4 dd a, 4, (1) 


The displacement fields {u} can be calculated by interpolating the nodal displacements {d} 


w= LN ]id} 
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[2] In Eq. (2), last page, [N] is the matrix of shape functions. The role of the shape functions is the interpolating functions 
from the nodal displacements {d} to the displacement fields {u}. Note that the components of nodal displacements {d} 
are discrete values and the components of displacement fields {u} are continuous functions of (X,Y, Z). The shape 
functions in [N] are the bridge between the continuous functions {u} and the discrete values {d}. 

Now, let's examine the dimension of the [N] matrix using this example. Since {d} has 8 components and {u} has 3 
components (Eq. |.2.2(1), page 24), the matrix [N] must be of dimension 3x8. 

Since {u} contains functions of (X,Y, Z) and {d} contains discrete values, [N] must contain functions of (X,Y, Z). 


Besides, for the element shown in [3], the interpolating points are at the vertices of the element, so the shape functions 
must be a linear form. When the shape functions are linear, the element is called a linear element, first-order element, or 
lower-order element [4]. 

Often, using quadratic polynomials as shape functions can be more efficient. In such cases, a node is added on the 
middle of each edge of the element; the added nodes are called the midside nodes; the element is called a quadratic 
element, second-order element, or higher-order element. In this book, we will not use the term linear element, to avoid 
confusing it with the terms such as linear material. | 


[3] A 2D 4-node 


[4] A lower-order 
element's nodes 
always locate at 

vertices. # 


quadrilateral 
element. — 


Y 
= 
X 


|.3.3 Workbench Element Types 


[1] ANSYS literally provides hundreds of element types!Ref!'], By default, Workbench automatically chooses appropriate 
element types during the meshing processlef I; to select a specific type of element, you need to use APDL. To identify 
these element types, each element type is assigned a code name (e.g., SOLID! 86, PLANE183, etc.). 

For 2D solid-body cases, the element shapes available are quadrilateral (4-sided) and triangular (3-sided). For 3D 
solid-body cases, the available shapes are hexahedral (6-faced), triangle-based prism (5-faced), quadrilateral-based 
pyramid (5-faced), and tetrahedral (4-faced). As mentioned, Workbench chooses element types according to the types 
of the structural bodies. Currently Workbench supports 4 body types: 2D solid body, 3D solid body, 3D surface body, 
and 3D line body. 3D surface bodies are geometrically 2D but spatially 3D, while 3D line bodies are geometrically |D 
but spatially 3D. How Workbench chooses an element type according to the body type is illustrated as follows. 


3D Solid Bodies 


Workbench meshes a 3D solid body with SOLID 1 86!" 31, a 3D 20-node second-order structural solid element ([2], 
next page). The element is originally hexahedral. By combining some of the nodes, the element can degenerate to a 
triangle-based prism [3], quadrilateral-based pyramid [4], or tetrahedron [5]. Degeneration is useful since it allows 
different shapes of elements to be mixed up in a body. If a body is to be meshed with tetrahedral elements exclusively, 
Workbench meshes the body with SOLID 187[R¢f4!, which is a 3D 10-node tetrahedral second-order structural solid 
element and has a shape the same as that in [5]. Workbench allows an option to drop off elements’ midside nodes; in 
that case the edges become straight and the element becomes first-order. | | 
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[5] Tetrahedron. / 
[2] Hexahedron, or 3D 20- 


node structural solid. Each 
node has 3 translational 


degrees of freedom: Dx, Dy, | 
and Dz. > [4] Quadrilateral- 
based pyramid. 


[3] Triangle-based 
prism. 7 


2D Solid Bodies 


[6] Workbench meshes a 2D solid body with PLANE! 83!®ef5],a 2D 8-node second-order structural solid element [7]. 
The element is originally quadrilateral. By combining some of the nodes, the element can degenerate to a triangle [8]. 
If you choose to drop midside nodes, the edges become straight, and the Workbench meshes the body with 
PLANE182IRef 6], a 2D 4-node first-order structural solid element. It is important to remember that all 2D solid 
elements must be arranged on XYPlane. | 


[7] Quadrilateral, or 2D 
8-node structural solid. 
Each node has 2 
translational degrees of [8] Triangle. | 
freedom: Dx and Dy. > 


3D Surface Bodies 


[9] Workbench meshes a 3D surface body with SHELLI81!Ref 7], a 3D 4-node first-order structural shell element [10], 
or SHELL281IRef8l, a 3D 8-node second-order structural shell. The element is originally quadrilateral but can 
degenerate to a triangle [I 1]. | 


| 1] Triangular shell. 
[10] Quadrilateral shell, or [11] Triangu a 


3D 4-node structural shell. 
Each node has 3 translational 


and 3 rotational degrees of 
freedom: Dx, Dy, Dz, Rx, Ry, : 
and Rz. > 3 
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3D Line Bodies 
[12] For a 3D line body, the Workbench meshes it with BEAM188IRef?l, a 3D 2-node first-order beam element [13]. | 


[13] 3D 2-Node beam. Each 
node has 3 translational and 3 
rotational degrees of freedom: 

Dx, Dy, Dz, Rx, Ry, and Rz. # 
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All Help>Mechanical APDL>Theory Reference>| 3.281. SHELL28| 
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Section 1.4 7 


o 


(0,.-Tyy ) 


Failure Criteria of Materials 


Achieving functionality, safety, and reliability are the main purposes of structural simulations. Deformation usually relates 
to the functionality, while stress to the safety and reliability. Which stress should we look into to ensure that a structure 
doesn't fail? Normal stress? Shear stress? Or something else? How can we say a stress value is too large? What 
critical values should the stresses be compared with? In short, what are the failure criteria of materials? This section 
intends to answer these questions. 


1.4.1 Ductile versus Brittle Materials 


[1] Stress-strain relation is the most important characteristic of a material. We usually obtain a stress-strain relation by 
conducting a uniaxial tensile test. Two examples of stress-strain relation from uniaxial tensile tests are shown in [2-3]. 
In [2], the material exhibits a large amount of strain before it fractures [4]; it is called a ductile material. In [3], the 
material's fracture strain is relatively small [5]; it is called a brittle material. Fracture strain is a measure of ductility. 
There are essential differences between these two types of materials. 


Failure Points: Yield Point or Fracture Point? 


Mild steel is a typical ductile material. For ductile materials, there often exists an obvious yield point [6], beyond which 
the deformation would be too large, and the material is no longer reliable or functional; the failure is accompanied by 
excess deformation. Therefore, for ductile materials, we are concerned about whether the material reaches the yield 
point [6]; its corresponding stress is called the yield stress O which is the critical stress we want to compare with. But, 
with which stress to compare? o,? o,? o,? t? tT? tT? Or something else? 1.4.4 and 1.4.5 (pages 42-46) will 


answer this question. 

Cast iron and ceramics are two examples of brittle materials. For a brittle material, there usually doesn't exist an 
obvious yield point, and we are concerned about its fracture point [5]; its corresponding stress is called the fracture 
stress o, which is the critical stress we want to compare with. But, again, with which stress to compare? o,.? o,! o,! 
T,,? T,! T,,? Or something else? 1.4.3 (page 42) will answer this question. 


Failure Modes: Tensile Failure or Shear Failure? 


The fracture of brittle materials is mostly due to tensile failure; the yielding of ductile materials is mostly due to shear 
failurel®e's |.2], The tensile failure of brittle materials is easy to observe: the failure always occurs after cracking, induced 
by tensile stresses. The shear failure of ductile materials can be observed in a standard uniaxial tensile test, in which the 
failure is accompanied by a necking phenomenon and a cone-shape breaking surface. It is important to remember that 
a material often fails due to a mix-up of these two mechanisms. | 


[4] Fracture [5] Fracture 


point. > e; paint. = 
n 
[2] Stress-strain 5 [3] Stress-strain 
curve fora ductile curve for a brittle 
material. > material. <— 
Strain Strain 


@Seismicisolation 


Section |4 Failure Criteria of Materials 41 


|.4.2 Principal Stresses y 


[2] Stress 
state in 2D 
cases. | 


[|] We mentioned that, at a certain point, the 
stresses are different in different faces (or 
directions, |.2.3[2], page 26). It then naturally 
raises a question: In which face does the normal 
stress reach its maximum? And in which face does 
the shear stress reach its maximum? 

To present the concepts efficiently, consider a 
2D case [2], and let's denote the X-direction the 
base direction. In the X-face, the stress can be 
expressed with a stress pair (0, ,T,,). Likewise, in 
an arbitrary face, the stress can be expressed with 
a stress pair (0,7). Let's now try to find a 
relationship between normal stress o and shear 
stress tT: how does o vary with 7? 

First, we mark the stress pair (o,,,7,,) in the 
o-t space [3]. Second, noting that the stress 

O.,—-T., ) is also a stress pair, whose direction hdc 
sa 90° ‘olin edocs ne with the base [9] Minimum pase Cicerone 
direction, we mark the stress pair (o, ,—T,,,) in the 
O-T space [4]. Similarly, we could draw other 


ae 
normal stress : 

occurs here. 7 ( Ms T yy) 
stress pairs in the o-t space [5]. The collection of A ba a 
these points forms a circle in the o-T space [6], Sree 
called a Mohr's circle. The details can be found in (Oy. Ty) K 
any textbook of Solid MechanicslRefs 2, 3], F [8] Maximum 

OO 


Here, we want to emphasize a concept: a normal stress 
Mohr's circle represents a stress state. With this "4 Stress ie occurs here. \ 
useful concept, finding the maximum normal stress ames ili 

: forms 90° with the 117 And h # 
and maximum shear stress becomes [! 1] And here. 


straightforward. 7 


[5] Other stress 
[10] Maximum pairs could be 


shear stress drawn. <— 


[6] Mohr's occurs here... | 
circle. / 


[3] Stress in the 


base direction. 7 


[7] A stress state defines a Mohr's circle, and vice versa. Further, the stress values, O,, O,, and T,,, fully define a 
Mohr's circle. Once we have a Mohr's circle, the points of maximum normal stress, minimum normal stress, and 
maximum shear stress can be located. The maximum normal stress is located at the right quarter-point of the Mohr's 
circle [8]. The minimum normal stress is located at the left quarter-point of the Mohr's circle [9]. The maximum shear 
stress is located at either the upper quarter-point or the lower quarter-point of the Mohr's circle [10-11]. Note that at 
the points of maximum and minimum normal stresses [8-9], the shear stresses vanish. 

The maximum normal stress [8] is called the maximum principal stress and is denoted by o,; the minimum normal 
stress [9] is called the minimum principal stress and is denoted by o,. Their corresponding directions are called principal 


direction. At a point of a 3D solid, there are three principal directions (and thus three principal stresses). The medium 
principal stress is denoted by o,. In our example, the maximum principal stress [8] is a positive value, a tension; the 
minimum principal stress [9] is a negative value, a compression. 


Given three stress values, O,, O,, and T,, to define a Mohr's circle, we can easily calculate the values and their 
corresponding directions of the principal stresses and the maximum shear stress. We will not derive these formulas in 
this book;Workbench can report for you at your request. Finally, make sure you understand these concepts and can 
generalize the concepts to 3D cases. 7 
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1.4.3 Failure Criterion for Brittle Materials 


[1] As mentioned, the failure of brittle materials is a tensile failure (1.4.1 [1], page 40). In other words, a brittle material 
fractures because its tensile stress reaches the fracture strength O, (1.4.1[5], page 40). Thus, we may state a failure 
criterion for brittle materials as follows: At a certain point of a body, if the maximum principal stress reaches the 


fracture strength of the material, it will fail. In short, a point of material fails if 


(l) # 


1.4.4 Tresca Criterion for Ductile Materials 


[1] As mentioned, the failure of ductile materials is a shear failure (1.4.1[1], page 40). In other words, a ductile material 
yields because its shear stress reaches the shear strength T,. Thus, we may state a failure criterion for ductile materials 
as follows: At a certain point of a body, if the maximum shear stress reaches the shear strength of the material, it will 
fail. In short, a point of material fails if 


(1) 


The maximum shear stress t__ --from the geometry of a Mohr's circle (1.4.2[6], page 41)--is simply the radius of 
the circle. Noting that the diameter of the circle is (o, — o,), we may write down 


(2) / 


[2] Ina uniaxial tensile test, the material yields when [3] This is the stress state in 
undergoing its yield stress o_ in the axial direction. Let the a uniaxial tensile test when 
axial direction be X-direction, then the stress state the material yields. | 
(0,,0,,T,,) is (o, ,0,0) [3]; its maximum principal stress is 

o while the minimum principal stress is zero. Thus, when 

the material yields, its shear stress is 


(3) 


(4) - 


[4] Simplifying Eq. (4), we reach a conclusion that the material yields if 


0,- 0,20, (5) 


In ANSYS, the quantity on the left-hand side,(o, — O,),is called the stress intensity, which the Workbench can report for 
you at your request. This failure criterion is called the maximum shear stress criterion, or Tresca Criterion, first proposed 
by Henri Tresca (1814-1885), a French mechanical engineer, in 1864. # 
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1.4.5 Von Mises Criterion for Ductile Materials 


[|] The Tresca criterion (Eq. |.4.4(5), last page) is simple but often not good enough for predicting the yielding of many 
ductile materials, particularly metals. The theory discussed in 1.4.4 (last page) is too simplified and may deviate from 
real-world situations. For example, the medium principal stress o, plays no role in Eq. |.4.4(5), but that is not always 
true. A more sophisticated theory, called the von Mises criterion, often predicts yielding more satisfactorily than Tresca 
criterion. 


Hydrostatic Stress and Deviatoric Stress 


Without loss of generality, a stress state 


x XY XZ 
1 e \ - YX Oy Ty 
Ux Ty O, 


can be expressed in a form of principal stresses if we choose the principal axes as coordinate axes, 


co 0 0 | 
jo}=) 0 «, 0 (I) 
0 0 oO, 
Note that, as mentioned, in the principal directions, all the shear stresses vanish (1.4.2[7], page 41). 
Define the hydrostatic stress as the average of the normal stresses, 
_ 9, +0, +0, (2) 
3 
The stress state (1) can be decomposed into two parts 
i* 4 |p 0 0 o-p 0 a 
jof=) 0 o, 0 -=;0 p OF+, 0 o,-p 0 (3) 
0 0 og, | 0 0 p 0 0 O,-p | 


or, written in a more compact form, 
{o}={or}+{o°} (4) 


The first part 10" | is called the hydrostatic stress, and the second part \o*} is called the deviatoric stress, the stress 
deviating from the hydrostatic stress. 

The deformation of a body can be thought of as a superposition of a dilation (volumetric change) and a distortion. 
The hydrostatic stress contributes exclusively to the dilation, while the deviatoric stress contributes exclusively to the 
distortion. The dilation plays no role in shear failure; it is the distortion that causes shear failure. In other words, the 
deviatoric stress 


[ert f 


joi }=. 0 o,- 0 >; 
rns 


0 0 0,-p 


(3) 


can be used to establish a shear failure criterion. However, it is not a scalar value. How can we use it to compare with 
a uniaxial yield stress o ? We need a more elaborate theory to derive a useful criterion. _ | 
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Von Mises Yield Criterion 


[2] In 1913, Richard von Mises, an Austria-Hungary born scientist, proposed a theory for predicting the yielding of 
ductile materials. The theory states that the yielding occurs when the deviatoric strain energy density (or deviatoric 
energy for short) reaches a critical value. 

For linearly elastic materials, the total strain energy density is half of the inner product of the stress and the strain, 


| 
w=1{o}-{e} (6) 
This total strain energy can be decomposed into two parts: the energy w? caused by the hydrostatic stress and the 
energy w‘ caused by the deviatoric stress, 
w=w+w? (7) 
wi =w-w? (8) 


The von Mises criterion can be stated as follows: the yielding occurs when 


or 


w! >w"? (9) 


where w” is the deviatoric energy when the material yields in its uniaxial tension test. In the following discussion, we 
will express w? and w’ in terms of stresses. 


Deviatoric Energy w”” 


In a uniaxial tension test, when yielding occurs, the stress state (see |.4.4[3], page 42) is 


c ; 0 | 6/3 0 0 | [2/3 0 0 | 
o oot 9 (fs 0 fi 0 -o fs o |} 
| 000 | 0 0 o, /3 0 0 -o, | 


or, written in a more compact form, 
Cs CC 


The first part 0" } is the hydrostatic stress and the second part {ort is the deviatoric stress. Hooke's law, Eq. 
|.2.8(1) (page 31), can be used to obtain the strains. The strains corresponding to the total stress 10” \ and the 
hydrostatic stress {o” + are respectively 


00. 
lor 
01 | 


oO | 0 90 | (I-2v)o | ! 

ev p=: = / and ,e”? | = —___".. 
{ } FE 0 -v 0 { } 3E | 0 
| 0 
Calculated using Eq. (6), the energies corresponding to the total stress and the hydrostatic stress are respectively 


|—2v)o" 


fatto y ) yp! Sow yp ( 
w= Mor} f= Se ana wt = for) for} 20 


By using Eq. (8), the deviatoric energy is 


ms ge , (10) | 
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Deviatoric Energy w° 


[3] Now, we consider the general 3D stress state (see Eqs. (3-4), page 43). The strains corresponding to the total stress 
{o} and the hydrostatic stress {0° \ are, using Eq. |.2.8(1) (page 31), respectively 


| a-Me, +95) 0 0 | steel i 9 0 | 
== - > and er} SV)? Oo 1 Of 
ie} c 0 0,-Vv(o,+0,) 0 an { E 
0 0 o,-Vv(o,+0,) (0 0 | 


Calculated using Eq. (6), the energies corresponding to the total stress \o} and the hydrostatic stress {or} are 
respectively 


w=—{o}-{e}=—[0,(¢,-ve, -v0,) +9, (0, vo, -v0,)+0,(0, - v0, - vo) 
and 

5 Tie _ 3(\-2v)p’ 

w= for} fe} 


From Egs. (8, 2), the deviatoric energy is 


w! =w-w? 


= rake (o, — VO, — vo,)+o,(0, — VO, —vo,)+ 0,(0, — Vo, — vo, ) |- 


3I-2v)(o,+0,+0,) (II) 
2E 3 


After some manipulations, the above equation can be simplified as 


wi = 2" (o,-0,) +(0,-9,) +(¢,-0,) | 
Derivation of Eq. (12) 
2 
, (1-2 
we = rake (o, —Vvo,, - vo, )+ 0, (o, — VO, - vo, ) + O, (o, — Vo, — vo, ) | — omy state 
7 af + OF +0; - 2v(o,0, Or 3,0,) 7 _ Lo +0, +0; + 2(o,0, Oa 7,0,) 
7 = [3(03 = o; - o; 7 6v(o9, + 6,0, + 0,9, 7 ( 7 2v)(o/ " o; ' o;) 7 (2 7 Av)(oo, a a 
| 
= <-[(2+2v)(o? +03 +63)-(2+2v)(o,9, +0,0, +0,0,)| 
= [03 +6, +0;-060,-0,0,- 0,0, | 


- I(6 -«,) +(o, -o,) +(9, -3) | 
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Von Mises Stress (Equivalent Stress) 
[4] Substituting Eqs. (10, 12) into the von Mises Yield criterion, Eq. (9), we conclude that the material yields when 


(13) 


(14) 


The quantity on the left-hand-side is called von Mises stress or effective stress and is denoted by o,;in ANSYS, it is also 
called equivalent stress, 


(15) 


To have more insight into Eq. (14), let's plot Eq. (14) ino,-o,-o, space and consider only equal sign. It will be a 
cylindrical surface aligned with the axis o, = o, = 0, and with a radins of fi 20, (see 14.1.4[2], page 530). It is called the 
von Mises yield surface. Condition of Eq. (14) is ‘ equivalent to saying that the material fails when the stress state is on or 
outside the von Mises yield surface. When o, = O, = 0, the material is under hydrostatic pressure. It is the portion of 
stress that deviates from the axis o, = o, = o, that contributes to the failure of the material. 


Equivalent Strain 


The equivalent strain, or von Mises strain, €, is defined by!®e 4] 


(16) 


i 
l+v 


Where v’, the effective Poisson's ratio, defaults to the Poisson's ratio of the material, 0.5, or 0, depending on various 
applications (for details, see Ref. 4). # 
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Review 


|.5.1 Keywords (Part 1) 


Choose a letter for each keyword, from the list of descriptions 


l. (  ) APDL Il. ( 
2. (  ) Boundary Conditions | 2. ( 
3. ( _ ) Brittle Materials 13. ( 
4. ( _ ) Buckling 14. ( 
5. (__) Degenerated Element 15. ( 
6. (  ) Degree of Freedom 16. ( 
7. (__ ) DesignModeler 17. ( 
8. ( — ) Displacement 18. ( 
9. ( — ) Ductile Materials 19. ( 
10.(. ) Dynamic Simulations 20. ( 
Answers: 


l(E—E) 2(K)3(R) 4(N) 5 (P) 6 (I) 
I.( A) I2(L ) 13.00) 14(B ) 15(G) 16(H ) 


List of Descriptions 


Section |5 Review 


) Engineering Data 

) Environment Conditions 

) Failure Criteria of Materials 
) Finite Element 

) Finite Element Mesh 

) Finite Element Model 

) First-Order Element 

) Free Boundaries 

) Governing Equations 


) Isotropic Elasticity 


47 


7.(C) &8(T) %(Q) 10(S ) 
I7.(J ) 18(M) 19.(D ) 20.(F ) 


(A) An application of Workbench GUI. It can store material properties. Loads and boundary conditions also can 


be stored with the application. 


(B ) Asmall portion of a problem domain. Its geometry is so simple that the governing equations can be pre- 


formulated in terms of discrete nodal degrees of freedom. 


(C) An application of the Workbench GUI. It is similar to any other feature-based CAD software, except that it is 


specifically used to create geometric models for use in the ANSYS Workbench simulations. 


(D) A set of equations governing the behavior of an engineering system (e.g.,a structural system), usually in a form of 


differential equations. 
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(E ) ANSYS Parametric Design Language. A set of text commands to drive ANSYS software. 


(F ) In Engineering Data, this term is used for materials whose stress-strain relation can be described by Hooke's 
law and characterized by two material parameters: Young's modulus and Poisson's ratio. 


(G) Acollection of elements and nodes. 
(H) A finite element mesh plus its environment conditions. 


(1) In the finite element methods, a term used for the discrete nodal values. In Workbench structural simulations, 
they are nodal displacements. 


(J ) Linear polynomials are used as shape functions; also called a linear element, or a lower-order element. Nodes are 
on the vertices of the element. 


(K_ ) Conditions applied on the boundaries of a finite element mesh. 
( L ) Conditions applied on the boundaries or interior of a finite element mesh. 


(M) Boundaries with no boundary conditions specified. ANSYS assumes a zero pressure (stress normal to the surface) 
on a free boundary. 


( N.) When the compression in a structure is large enough such that its lateral stiffness vanishes, the structure becomes 
unstable. 


(O) Fora brittle material, it fails if the maximum principal stress reaches the fracture stress. For a ductile material, 
Tresca criterion or von Mises criterion may be used. The Tresca criterion states that the material fails if the stress 
intensity reaches the yield stress. The von Mises criterion states that the material fails if the von Mises stress reaches the 
yield stress. 

(P ) A 3D solid element, hexahedral in its natural shape, may combine some of its nodes to form a triangle-based 
prism, quadrilateral-based pyramid, or tetrahedron. A 2D solid element, quadrilateral in its natural shape, may combine 


some of its nodes to form a triangle. 


(Q) The strain is large before it is stretched up to fracture. The fracture is mostly due to a shear failure. There is 
usually an obvious yield point in its stress-strain curve. 


(R_) The strain is small before it is stretched up to fracture. The fracture is mostly due to a tensile failure. There is 
usually no obvious yield point in its stress-strain curve. 


(S ) Structural simulations in which dynamic effects are included. 


(T ) Ina deformed body, the vector connecting from its initial position to its final position. 
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|.5.2 Keywords (Part Il) 


Choose a letter for each keyword from the list of definitions 


21.( +) Linear Simulations 31.( __) Stiffness 

22.( ) Mechanical 32.( __) Stiffness Matrix 
23.( —_) Modal Analysis 33.(. +) Strain 

24.( —_) Node 34.(. _) Strain State 
25.( —__) Nonlinear Simulations 35.( __) Stress 

26.( _—+) Procedure of Finite Element Method 36.( _) Stress Intensity 
27.( __) Project Schematic 37.(__) Stress State 
28.( __) Principal Stress 38.( _) Stress Stiffening 
29.( __-) Second-Order Element 39.(___) Von Mises Stress 
30.( __—+) Shape Functions 40.( ) Workbench GUI 
Answers: 


21.(S ) 22(E ) 23() ) 24(G) 25.(T ) 26(N) 27.(R ) 28(L ) 29.(K ) 30(1 ) 
31.(P ) 32(H) 33(C ) 34(D) 35.(F ) 36(M) 37.(B ) 38(Q) 39.(0) 40(A ) 


List of Definitions 


(A) A gateway to ANSYS applications, including Project Schematic, Engineering Data, DesignModeler, 
Mechanical, Design Exploration, etc. 


(B ) A group of values describing the force intensity on the point in all directions of a point in a body. In 3D, three 
independent directions are needed to complete the description. 


(CC) A vector describing the stretch and twist in a direction in a point of a body. The vector can be decomposed into 
two components: one that is normal to the face and one that is parallel to the face. 


(D) A group of values describing the stretch and twist in all directions of a point in a body. In 3D, three independent 
directions are needed to complete the description. 


(E ) An application of Workbench GUI. It performs structural and mechanical simulations, including meshing, 
setting up environment conditions, solving finite element models, and viewing results. 


(F ) The force per unit area acting on the boundary surfaces of an infinitesimally small body centered at a point of a 
body. 


(G)_ Entities connecting elements. The elements share the same degrees of freedom values on the entities. 
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(1H) The matrix that describes the linear relation between displacement vector and the force vector. Physical meaning 
of the i*® column is the forces required on each of the DOFs to maintain a unit displacement on the i" DOF and zero 
displacements on the other DOFs. 


(1 ) In finite element methods, they are used as interpolating functions to calculate continuous displacement fields 
from discrete nodal displacements. Linear and quadratic polynomials are commonly used as the interpolating functions. 


(J ) Also called free vibration analysis. It is a special case of dynamic analysis, in which the structure is free of external 
forces. The results of the analysis include natural frequencies and their corresponding vibration modes. 


(K ) Quadratic polynomials are used as shape functions, also called a higher-order element. Nodes are on the vertices 
as well as on the middle of the edges. 


(L ) Ata point in a body, different directions (faces) have different stress values. There exist directions in which the 
normal components are in their extremities and the shear components vanish; the directions and the corresponding 
normal stresses are called the principal directions and the principal stresses respectively. In 3D, there are 3 principal 
stresses; they are denoted as, in order starting from the largest,o,, 0, and o, respectively. It is often used in a criterion 
for a brittle material: when the maximum principal stress is larger than the fracture strength, the material fails. 


(M) Defined as the difference between the maximum principal stress and the minimum principal stress. It equals to 
twice the maximum shear stress. It is used in Tresca failure criterion for a ductile material: when it is larger than the yield 
strength, it is equivalent to saying that the shear stress is larger than the yielding shear strength and, thus, the material 
fails. 


(N) (a) Calculate stiffness matrix for each element according to the element's geometry and its material properties. 
(b) Add up the element matrices to form a global stiffness matrix. The force vector is also calculated, according to the 
loading conditions. (c) Eq. 1.3.1(1) (page 35) is solved for the nodal displacements. (d) For each element, the 
displacement fields are calculated according to Eq. |.3.2(2) (page 36); the strain fields are calculated according to Eq. 
|.2.7(1) (page 31); the stress fields are calculated according to Eq. |.2.8(3) (page 32). 

(O) Itis used ina failure criterion for a ductile material: when it is larger than the yield strength, it is equivalent to 
saying that the distortion strain energy density is larger than the yielding distortion strain energy density and, thus, the 
material fails. 


(P ) The forces required to deform the structure. 


(Q) The phenomenon that, when a structure member is subject to a tensile stress, its lateral stiffness increases with 
the increase of the tensile stress. 


(R ) An application of Workbench GUI. Its function is to lay out simulation systems and their data flows. 
(S ) The responses of a system are linearly proportional to the loads. 


(T ) The responses of a system are not linearly proportional to the loads. 
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Section |.6 
Appendix: An Unofficial History of ANSYS 


Shen-Yeh Chen, Ph. D. 


About the Author 


Dr. Shen-Yeh Chen earned his BS degree in civil engineering from National Chung Hsing University, Taiwan, in 1990, and 
his MS and Ph.D. degrees in structural mechanics from Arizona State University, USA, in December of 1997. 

He began to work for Honeywell Engines and Systems in Phoenix, Arizona, in February of 1998. Shen-Yeh was a 
heavy user of ANSYS and LS-DYNA during his service at Honeywell. Soon he became a cross-department and cross- 
campus expert of ANSYS and LS-DYNA at Honeywell, and was very active on the internet (the XANSYS group) in the 


ANSYS internal users community. Dr. Chen published several popular ANSYS macros and articles during that time, and 
developed many in-house codes for Honeywell, including an optimizer to couple with ANSYS and LS-DYNA. 

In August of 2002, Dr. Chen took aVP position offered from CADMEN, an ANSYS distributor in Taiwan. In 2005, 
Dr. Chen established his own company, FEA-Opt Technology (www.FEA-Optimization.com). About 80% of the revenue 
for FEA-Opt Technology is related to ANSYS and LS-DYNA. In 2006, he released a general purpose design 
optimization software, SmartDO. Today FEA-Opt Technology is well-known as a very successful CAE consulting firm in 
Taiwan, and its SmartDO is gaining more and more market share since 2006. 


Dr. John Swanson holds B.S. and M.S. degrees in mechanical engineering from Cornell University. He holds a Ph.D. in 
applied mechanics from the University of Pittsburgh, obtained in night school with Westinghouse support. 

In 1963, Dr. John Swanson worked at Westinghouse Astronuclear Labs in Pittsburgh, responsible for stress analysis of 
the components in NERVA nuclear reactor rockets. He used computer codes to model and predict transient stresses 
and displacements of the reactor system due to thermal and pressure loads. Swanson continued to develop 3D analysis, 
plate bending, nonlinear analysis for plasticity and creep, and transient dynamic analysis, in the next several years, using a 
finite element heat conduction program that was developed by Wilson at Aerojet. The old Westinghouse codes included 
a 2D/axisymmetric one also, possibly called FEATS (according to Kohnke). John wanted to combine these codes to 
remove the duplication, like equation solvers and some postprocessing. 

Swanson believed an integrated, general-purpose FEA code could be used to do complex calculations that engineers 
typically did manually, such as heat transfer analysis. It would save money and time for Westinghouse and other 
companies. 

Westinghouse didn't support the idea, and Swanson left the company in 1969. Before he left, he made sure that all 
code work had been sent to COSMIC, so that he could pick it up again from the outside. 

Swanson Analysis Systems, Inc. was incorporated in the middle of 1970 at Swanson's home. The offices were part of 
Swanson's home (there was no garage) in Pittsburgh. At the same time, Westinghouse realized that they needed John, so 
they hired him as a consultant. John said sure, but with the proviso that whatever he put into STASYS, the Westinghouse 
code, he could also put into ANSYS. Westinghouse had no trouble with this, as they just wanted to solve their problems. 
So this consulting kept bread on the table for the Swansons, and at the same time brought forth further improvements to 
ANSYS. 
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He developed his program using a keypunch and a time-shared mainframe at U.S. Steel. The first version of ANSYS 
was coded by the end of 1970, and the ANSYS program was first released soon after that. Westinghouse was the first 
customer, running as a data center. The data center was at the Telecommunications Center on Parkway East, on the east 
side of Pittsburgh. According to Dr. Swanson, the name ANSYS was used because the copyright lawyers assured Swanson 
that ANSYS was just a name, and did not stand for anything. This is understandable, because during that period all 
programs were "written" on punch card. When installing the program on the customer's computer, it meant carrying a 
relatively big case of punch cards to the customer's place, and feeding them into the machine. 

Dr. Peter Kohnke met John Swanson first about early 1971. Swanson offered Peter a job in the fall of '71, but Peter 
did not accept. At that time Peter was a brand new father, and Westinghouse looked a lot more secure than SASI. Peter 
told John he was interested and would accept in the spring of '72, but then he had hired Gabe DeSalvo, and did not have 
the resources to hire Peter also. But John was finally able to hire Peter in the fall. Dr. Peter Kohnke's start date was 
1/1/73. 

When Peter started work, he asked what John wanted him to do. John told Peter that he developed code, did 
technical support, wrote manuals, gave seminars and did systems work so that the program would run on a variety of 
systems. John said he needed relief, so Peter should pick one or two of them. Ultimately, Peter did all of them, except 
systems work. 

In around 1970, users ran ANSYS 2.x on a CDC 6600 machine over the Cybernet timesharing network. At the time, 
only fixed format input was available. The users would work up the input listing off-line, key it onto a tape cassette, log on, 
submit the run about quitting time for the best computer rates and stop by the CDC data center next morning to find 
out what went wrong. In 1973,ANSYS ran on three kinds of hardware: CDC, Univac, and IBM. And around 1973 the 
USS mainframe that they used to develop code was the US Steel CDC 6500. 

The first minicomputer that ANSYS ran on was a MODCOMP 4 (or IV?). VAX came later. Being a small company, 
everyone did everything. When a "mini" computer was delivered, everyone helped wrestle it off of the truck. When 
printout paper was delivered, everyone helped unload the boxes. 

In 1975, MITS began to build and sell the first PC ever in human history, the Altair. That, of course, did not have 
anything to do with ANSYS yet. The so-called PC was just a few switches and lights on the front board, and input had to 
be done in a binary fashion (no keyboard and monitor, of course). What was worse was that you had to assemble it by 
yourself, and it usually didn't work. Although Altair was rather popular, nobody really knew what to do with this machine. 
One former customer said that the most popular activity on Altair was to figure out what to do with this machine. At 
the same time, Microsoft built the BASIC language for Altair. 

In 1977,Apple | was born. 

In around 1979, Revision 3.0, ANSYS ran on aVAX | 1-780 minicomputer. ANSYS evolved from fixed format input to 
purely command line driven and monocolor (green) on a Tektronix 4010 or 4014 vector graphics monitor. For a decent 
size model, the hidden lines plots could take 20-30 minutes. All of the nodes and elements were created separately 
without the benefit of importing CAD geometry. NGEN, EGEN, RPnnn, were used extensively. There was a geometry 
preprocessor, PREP7/. 

In 1980, we had Apple Il. 

In around 1980, John Swanson bought a Radio Shack TRS-80 machine, and planned to build a commercial version on 
it. However, later John returned the machine because Radio Shack left out (a socket for) a floating point processor. John 
decided that Finite Element Analysis probably should utilize a floating point processor, so he got his money back for that 
one. 

Also around 1980, Rev 4 on aVAX | 1-780 system was great, according to some old users. The chasm between batch 
and interactive running pretty much disappeared and file management was a very easy thing. No more element hard 
coding, the post processing got hugely better and you could mix batch and interactive running as you saw fit. Big dynamic 
transient runs or substructuring over night, post-processing and plotting next morning. Emag capabilities were first 
introduced at Rev 4.|. 
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Also in 1980, Microsoft signed a contract with IBM to provide the OS (PC DOS) for its up coming PC. This OS, 
however, was not created by Microsoft. Microsoft bought it from an engineer for 50K USD; and it was named the QDOS 
- the Quick and Dirty Operation System. 

In 1981, IBM PC was born. This computer was created using the off the shelf technology, and an open architecture. 
The original reasons were to push the product to the market ASAP so that IBM could catch up with the PC market. 
However, the BIOS was proprietary. Later Compaq reverse-engineered the BIOS and created a fully IBM PC compatible 
BIOS. This ignited the PC cloning market and war. The booming of the PC market directly changed the meaning of 
computing. The price of a PC dropped 30% in one month. And, it was the booming of the cloned IBM PC that really 
brought money into Microsoft. 

In 1984, the revolutionary Macintosh was born. Macintosh was far more advanced then the IBM PC family at that 
time. The concept of GUI in the OS level and WYSIWYG was not possible on IBM PC until almost one decade later. 
However, the market of Macintosh did not pick up very soon, which caused Steve Jobs to leave Apple computer. 

However, later the sales of Macintosh began to take off, which proved that Steve Jobs’ vision had all been right. 
Macintosh saved Apple, and was directly responsible for the Apple phenomena. 

A PC version of ANSYS was also available at around version 4.0 in about 1984. It was running on an Intel 286, with 
interactive command line input and limited graphics on the screens, like elements and nodes. No Motif GUI yet. In the 
first release of ANSYS on PCs, preprocessing, solution and post processing were performed in separate programs. 

"Design Optimization" was introduced on Rev 4.2 (1985). This is also the release at which "Macro length is no 
longer limited to 400 characters." 

FLOTRAN started as a graduate (PhD) project by Rita J. Schnipke at the University of Virginia circa 1986. After grad 
school Rita started (or helped start) Compuflo which was later sold to ANSYS in 1992. Rita later started her own shop 
which is in Charlottesville, VA, called Blue Ridge Numerics. They make CFDesign, a finite element based CFD code 
(www.cfdesign.com). 

In 1988 at an ANSYS conference in California, IBM was there pushing their first unix machine, the "RT". It was slow. 
They asked Dr. Swanson if he would make a comment on it. He said "RT" must stand for Real Turkey. 

SASI first started working with Compuflo (FLOTRAN) in 1989. In ANSYS Rev 5.0 and FLOTRAN V2.1A, SASI had 
what they called a "seamless interface" between the two programs (1993). FLOTRAN was "fully integrated" into ANSYS 
in Rev 5.1 (1994). 

In 1993,Version 5.0 was released. And later the version 5.1 had a Motif GUI, which would have few changes to its 
layout up to 6.0. 

Swanson Analysis Systems, Inc., was sold to TA Associates in 1994. The new company name, ANSYS, Inc., was 
announced at AUTOFACT '94 in Detroit. 

According to many different people in the old SASI, John Swanson treated the people there pretty well. In contrast 
to the old "sandwich" jokes, John never passed up a chance to go to a restaurant. Indeed, for many years, John invited the 
entire staff to a restaurant regularly for the staff meetings. 

At one time, Kohnke told Swanson that he ran the company like a benevolent dictatorship, and later Swanson told 
Kohnke that he liked that characterization. 

Many people have said that John Swanson had an amazing overall understanding as well as detailed knowledge of the 
ANSYS code. Kohnke told a small story in an email to the author: "Sometime in the late '70s,a bug came my way. | 
wrestled with it for maybe half a day without making real progress. Then | went to John's office to ask him if he had any 
ideas. After | explained the bug, John thought about it for about 3 seconds (literally!) and said: 'Didn't you make a change 
in XXX about 6 months ago that would have a bearing on this?’ In a nutshell, he was correct and | was then able to 
resolve the bug! John's knowledge and understanding of the code was always amazing to me." 

In 1995,Windows 95 was published. Windows 95 was an important milestone for Microsoft. It bridged between the 
old DOS OS and the new NT technology. The birth of Windows 95 finally made it more and more acceptable for the 
engineering community to use the PC as a heavy duty calculation machine like a workstation. 

In 1996, ANSYS 5.3 was published, with support for LS-DYNA. The feature of ANSYS/LS-DYNA in ANSYS 5.3 was 
still in the beginning stage. 
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On June 20, 1996, ANSYS Inc. common stock began trading on Nasdaq under ANSS after being a privately held 
company for 26 years. The IPO generated more than $41 million. 

In 1998, ANSYS began to ship ANSYS/ed to university labs and paper reviewers. One of the copies arrived at the 
Structures Lab of Civil Engineering Department in Arizona State University, and that was the first time the author knew 
about ANSYS. 

In the same year, on ANSYS's Annual report, it said, "John is retiring from his direct role at ANSYS Inc., but will 
continue his association as a key consultant, mentoring all of us for many years to come." 

On August 31, 2000, ANSYS acquired ICEM CFD. 

January 2001,ANSYS announced the release of CADfix (International TechneGroup Incorporated) for ANSYS 
version 5.6.2 and 5.7. CADfix was to address the issue of importing CAD models into ANSYS with automatic geometric 
data repair. 

In November 2001, ANSYS acquired CADOE S.A., an independent software vendor that specializes in the CAD/CAE 
market. In the same month, ANSYS announced a strategic OEM partnership with SAS LLC, a provider of NASTRAN 
simulation software and services. The alliance was focused on the joint development of a new NASTRAN computer- 
aided engineering solution that will be distributed exclusively by ANSYS Inc. 

In November 2001, ANSYS announced Al*Environment. Al*Environment combines ICEM CFD Engineering's pre- and 
post-processor technologies. 

In December 2001,ANSYS 6.0 was released. In this version, the Sparse solver was greatly improved. Efficient and 
reliable large scale model analysis (say, 1M DOF) finally became practical. The graphics screen of ANSYS was also painted 
blue in 6.0, which turned out to be a great disappointment to a lot of users. 

In April of 2002, ANSYS 6.1 was released. The familiar Motif GUI was replaced by a Tcl/tk developed interface. It 
runs on 64-bit Intel Itanium architecture with Windows XP. 

In February 26, 2003,ANSYS acquired CFX. ANSYS also announced that the functionality of Flotran would be 
"capped" at 8.1. That is, there will be no more development of Flotran after 8.1. Except for the Multiphysics platform, 
Flotran will be replaced by CFX. 

In March 2004, ANSYS announces ParaMesh 2.3. 

In May 2004, ANSYS 8.1 and CFX 5.7 was released. As previously mentioned, there will be no more revision of 
Flotran after 8.1. 

In June 2004, ICEM CFD 5.0 was released. 

On Jan 5, 2005, ANSYS announced that it acquired Century Dynamics. Century Dynamics’ main product, 
AUTODYN, includes computational structural dynamics finite element solvers (FE), finite volume solvers for fluid 
dynamics (CFD), mesh-free particle solvers for high velocity, large deformation and fragmentation problems (SPH), and 
multi-solver coupling for multiphysics solutions including coupling between FE, CFD and SPH methods. 

On February 16, 2006, ANSYS signed a definitive agreement to acquire Fluent. 

As of March of 2012, Dr. Peter Kohnke is still working for ANSYS, but has cut back to 4 days a week. He turned 7] 
in December of 2012. 

Dr. John Swanson is officially retired and living in The Villages, in Florida. But he still programs for ANSYS under 
contract on a varying schedule, on projects such as High performance mesh interpolation, Symmetric Multi Processing, 64 
bit conversions, and APDL enhancements. 

John is currently on the Board of Trustees of the University of Pittsburgh and the ASME Foundation and served two 
six-year terms as a Trustee of Washington and Jefferson College. He is a member of the Engineering College Council at 
Cornell University. His support of colleges and universities includes the donation of research laboratories to the 
Engineering Schools at Cornell, the University of Pittsburgh and (with Janet, his wife) the Veterinary School at Cornell. 
He gave the naming gift for the John A. Swanson Science Center at Washington and Jefferson College. The John A. 
Swanson School of Engineering at the University of Pittsburgh is named in his honor. Swanson recently invested in 
Applied Quantum Technology (AQT), a California startup company with the objective of reducing the cost of PV Solar 
Power by another factor of two. He serves on the AQT Board of Directors. 
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What is a data center? 


| actually heard the word "data center" for the first time from Dr. Kohnke. For my age, ! am more familiar with 
Workstation and PC and Xbox and PSP and so on. | used VMS when | was in college. And | remember later soon the 
whole room was occupied by PC and Macs. So | asked Dr. Kohnke what is a data center anyway? And this is what he 
told me. 

Long ago (in the computer age), computers were relatively rare (and expensive). So, if you invested in one, you 
wanted to get the maximum use of it. You would run it day and night. This is unlike our PCs now (like our cars), which 
frankly just sit there most of the time, waiting for our command. Before it was very much a shared and continually used 
resource. 

So,ANSYS got its start in that environment. Users at Westinghouse wanted to run ANSYS, so Westinghouse made a 
contract with SASI, where SASI would supply the code and support, and Westinghouse would pay to SASI so much per 
unit of time royalty for the time that the computer was actually being used to run ANSYS. As a result, many users were 
using the same machine (one after the other--parallel did not exist then). This was called a "data center." 

The next step was external users. Knowing that even as a large company you might not need your computer full 
time, you would have your sales people out there selling time on it, often only at night, to external users. 

Other companies sprang up that had no user base of their own, but only a computer(s), sales people, and external 
customers. The better ones also offered their own very good technical support. These were also called data centers. 

And of course the whole concept of a data center disappeared as computers got cheaper and faster. 

The "lease" jumped to the concept that the clock was not important; this "new" contract had SASI being paid so 
much per month, regardless of actual usage. This is closer to how things are now. 
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Chapter 2 


Sketching 


A 3D geometry can be viewed as a series of adding/removing material of simple solid bodies. Each solid body is often 
created by first drawing a 2D sketch, called a profile, and then extruding/revolving/sweeping the profile to generate the 
3D solid body. 


Purpose of This Chapter 


This chapter provides exercises for the students so that they know how to draw 2D sketches using an ANSYS 
Workbench's geometry editor, DesignModeler. The profiles of several mechanical parts will be sketched in this chapter, 
and each sketch is then used to generate a mechanical part using a 3D modeling tool such as Extrude or Revolve. 
The use of these 3D modeling tools is trivial so that we may focus on 2D sketching techniques. More sophisticated use 
of 3D modeling tools will be introduced in Chapter 4. 


About Each Section 


Each mechanical part will be completed in a section. Section 2.| sketches a cross section of W16x50; the cross section is 
then extruded to become a 3D beam. Section 2.2 sketches a triangular plate; the sketch is then extruded to become a 
3D plate. Section 2.3 does not provide a hands-on case; rather, it overviews the sketching tools in a systematic way, 
attempting to complement what was missed in the first two sections. Sections 2.4, 2.5, and 2.6 provide three additional 
exercises, in which we purposely leave out some steps for the students to figure out the details themselves. 
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Section 2. 


W 16x50 Beam 


2.1.1 About the W16x50 Beam om 


[1] In this section, we will create a W16x50 steel beam (see [2-5]). 
The beam has a length of 10 ft. / 


.628" 


[3] Nominal 
depth 16 in. > [4] Weight 50 lb/ft. > 


[2] Wide-flange I-shape 


section. > [5] W16x50 


cross section. # 


16.25" 


W 16x50 


2.1.2 Start Up DesignModeler 2] Workbench GUI 


appears. | 


& Unsaved Project - Workbench = O x 
Fie View Tools Units Extensions Jobs Help 

u@aa Project 

i) Imoort... [2] Refresh Project ¥ Update Project | BB ACT Start Page “a ¥ : 

-— 2 [6] In Project Schematic, a 
A . Geometry system is created. 


LJ Modal Acoustics . ; 

Ee clam: ° A Right-click the Geometry cell and 
pees select New DesignModeler 

44 Static Acoustics | 

G® Static Structural Geometry Geometry... to start up 


€3 Steady-state Thermal 


 Thermal-electric DesignModeler, a geometry modeler 


EJ Topology Optimizat 
OC iaicetssucnae (see [7], next page). | | 


@ Transient Thermal se uh 


[1] Launch 
Workbench. 7 cu tomactnasy Fluid Flow 
NS AJ 8 pmponent Systems 
Ty/ACP (Post) 
dp ac (Pre) 
& Autodyn 
/ &@ BladeGen 


@ crx 


[4] Click the plus sign (+) to eae 


expand Component o nee Model 
Systems; the plus sign ues (with Fluent Meshing) 


becomes a minus sign (-). > 


ICEM CFD 
Moh Icepak 

@) Material Designer 

A Mechanical APDL 

@ Mechanical Model 

@ Mesh v 


Y Yew Al / Customize... 
@ Ready IEE Job Monitor... = Show Progress 9) Show 0 Messages 


eee 


\ 
[3] Toolbox lists many 
tools. Scroll down to 
reveal more tools. <— 
J 
\ 
[5] Double-click Geometry to 


create a Geometry system. 7 
Pr 
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DesignModeler vs. SpaceClaim 


[7] As mentioned in |.1.4[2], page 13, Workbench provides two geometric modelers: DesignModeler and 
SpaceClaim. Until ANSYS 15, DesignModeler was the only modeler provided by Workbench. For simple and 
small models, DesignModeler serves well enough; but for complicated and large models, the engineers often create 
a geometric model using a CAD software such as SOLIDWORKS, PTC Creo, Autodesk Inventor, etc., and then import 
the model to Workbench. In ANSYS 16 and |7, SpaceClaim was included in Workbench as an alternative modeler, 
and DesignModeler remained as the default modeler. Starting from ANSYS 18, SpaceClaim becomes the default 


modeler, and DesignModeler serves as an alternative modeler. 
In this book, since all the geometric models are simple and small, we will use DesignModeler to create the 
geometric models. Remember, the focus of this book is the finite element simulations, not the geometric modeling. 


[8] DesignModeler GUI 


appears. | 
GH A: Geometry - Desig = oO 
e Create Concept View He 
da & ete & ® & SSF QQQNQQAtMASe 
ied li- AY A? At J Centimeter 
lilumeter 
ete . £. oe =) 
Gixude g@eRevove &S 
P Po v hy 
Blade GaimportBGD ¢ =F 9 mi Sect vee tA 
¥ egre 
Tree Outline a 
- - adiar 
=| yg A Geometry 
my * XYPlane lodel T 
yA DPlane 
 * Y7Plane e 
“@ 0 Parts, 0 Bodies [9] Pull-down-select Units/ 


Inch as the length unit. | 


[10] Units are 
displayed here. <— 


[! 1] There are two modes in 
DesignModeler: Modeling mode and _ _ 
Sketching mode. In this chapter, we'll ——m 
focus on the Sketching mode. | 


About Textboxes 
[12] In this book, a round-cornered textbox (e.g., [1, 3-6, 9]) is used to indicate that mouse or keyboard ACTIONS are 


needed in that step. A sharp-cornered textbox (e.g., [2, 7-8, |0-11]) is used for COMMENTS only; no mouse or 
keyboard actions are needed in that step. # 
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2.1.3 Draw a Rectangle on XYPlane 


GD A Geometry - DesignModeler bis - oO x 
File Create Concept Tools Units View Help 
bed | & Select |" Re ty StQQQHQakmixe@e oa 
M- M~ f- fe A> Ae AO A 
CyYPlane ~ $4 } Generate Fe) Parameters 
tevolve @Sweeo  Skin/loft 


Point 
BladeEditor, G@imp. \EGO fgfloadBGD KiLoadNDF SYriowPath gf Blade sf Splitter oJ VistaTFExport “ ExporPoints miStageFluidZone g@SectorCut fg Throstérea 
- - i) 
9 

Bice [!] Current sketching [3] This is the global 
6 Line by 2 Tangent plane is displayed here. By coordinates system. 
=sPalygon default, XY Plane is the Workbench uses red, green, and blue 
tl Rectangle H ; ° 
eee oom | Current sketching plane. | : (RGB) arrows to indicate the X,Y, 

= | and Z directions, respectively. | 

Constraints “Sp. 

Settings ee 

todeling | - 


[2] Click the Sketching 


tab to switch to the : dhe, 
sketching mode — 0.000 3.500 7.000 (in) 


Model View | Print Prevniey 


@& Ready No Selection Inch Deqree 0 


[7] As soon as you begin to draw, 
a sketch with a default name 
Sketch I is created. a 


lel | a) Dundo | Select “> | ty Se? QQQmQaak tele 
W- Be A’ we? AY Ae \A~ a” o 


File Create Concept Tools ry View Help 


xYPlane 7 A Sketch? O ~ % Generate FE) Parameters 
Giextrude GeRevolve & Sweep @ Skin/Lof 

a 
# Point 


ort “\ExportPoints mm 


BladeEditer id port BGD fe] Load BGI [6] Draw a rectangle roughly 
like this by clicking a corner 
and then dragging to the 


[4] Click Look At (Face/ 
Plane/Sketch) so that you 


Sketching Toolboxes 


ee diagonally opposite corner. \ look at the sketching plane, 
tne by otingee " here, XY¥Plane. / 
i. Polyline if 


(Rectangle Auto-Fillet 
(Rectangle by 3 Points 


| a7 Oval 


Modity 

Dimensions 

Constraints 
Settings 


Sketching Modeling 


Bate [5] Click the 
=| Details of Sketch! : 
sketch Sketch Rectangle tool. | 


ne 0.000 3.500 7.000 (in) 
L in) 
Lng 1.750 5 250 
me Lyi¢ 
Model Vie Pont Preview 
@ = Rectangle -- Click of Press and Hold, for first comer of rectangle No Selection Inch Degree 108 -28 
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? 
[12] Right-click anywhere on the 
graphic area to open a context 
menu, and choose Select new 

symmetry axis. | 


@ Select new symmetry axis 


Selection Filter » 


G® A: Geometry - DesignModefer 


(B® Isometric View 


File Create Concept Tools Units View Help 


Iso 
\ Select. © © c : «f= Set 
ry 150 
[8] Click the Constraints |“ ~" = J. Restore Default 
é y @ Generate 4) Parameters @ : 
toolbox. We want to impose |. ¢ siarce so a 
symmetry constraints. | Cursor Made > 
K F oad BGD Load NDF = FlowPath gf Blade af Splitter w istaTFExpornt “\ExportPaints miiStageFluidZone Vi > 
~ = a te 
rains! boxes a | BB Look At 
| Modi | X Delete 
b — O - Generate (F5) 
— [10] Click the : 
aiarmelt Symmetry tool. \, : i 
“acerems | 
*¥ Coincident : 
bal dpoint : 
| |-Ts Symmetry | crams i ~)— + Glainebiewn seb laibilpiiidhlatniiemeneancenniies 
Sketching | Mode ng | 
Details View O ‘ O 
=) Details of Sketch [| 3] Click the ; 
Sketch Sketch! Ci . 
horizontal axis : 
[9] If the Symmetry tool is (X-axis) and | [11] Click the vertical axis 
not visible, click to scroll down then the two | ow 300 7 000 (in) (Y-axis) and then the two 
. > SS 
until you see the tool. { horizontal lines ea - Bev vertical lines; this makes the 


»| to make the two two lines symmetric about 
@ Symmetry -- Select first point or 2D Edge for lines symmetric 1 Edae the vertical axis. t 
about the 


horizontal axis. 
LC "A [20] Click Zoom to Fit. # 


File Create Concept Tools Units View Help 


GB) A: Geometry - DesignModeler 


| 6 Unde Select “Db co} S + Q G . : : 
Se ee ee [16] Click this line, move the 
Pr Satn: ~= ll Se 7 mouse upward, and click again 


QSweep g Skin/iot 


[14] Click the to create HI. | 


Dimensions toolbox. | 


0 gf Load 8GD “Pl 


Ke + * 
@ Graphics 
ae - [17] Click this line, move the 
— Cras I mouse rightward, and click 
ocsar again to createV2. | 
di Vertical WA, 
[erat [15] General is the 
| Bteste | default tool, providing 
————— smart dimensioning 
Settings capabilities. Ve Wicca ama > Sennen | no ea [18] All the lines turn to blue 

Sketching | Modeling color. Colors are used to 
ee indicate constraint status. 

ae a r19] In Details The blue color means that the 

show Constraints |N View, type 7.07 : geometric entities are well- 

= ee (in) for HI and _|i = ___ | defined, i.e., fixed in the space. <— 
Ca E25 in a | 0.000 ?5 000 10.000 (in) 

— a 16.25 (in) for V2. 7 — : 

ne Ln = P. 

i] General -- Select point or 2D Edge for dirnension or use RMB for options No Selection inch Degree 

7 34 
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2.1.4 Set Up Sketching Options 


Gi A: Geometry - DesignModeler [3] By default, DesignModeler 
lle Create Concept: Tools Unts [View Help displays dimension names (e.g., 
ed GA | | Undo v Shaded Exterior and Edges SFQaQggaha ~~ th H l V2 Let's ch n 
iy We A f° AY AY A Shaded Exterior ; )- a ge to 
displaying dimension values. / 


Wireframe 


XY Plane 7 oe Sketch = a (Fe] Parameters 
Graphics Options » 
Bixude @eRevove & Sweep 
¥ Frozen Body Transparency 
a Point 
ia o Egan vomss YBlade ofS T widZone sf S T 
BladeEditor Import BGD Loac . Blade Splitter Vista TFExport Export? @BStageFludZone ectorCut Throatfrea 
Bau P - ia) ¥ Cross Section Alignments a a < \ 9 “= 
= 
Display Edge Direction xi w 
Sketching Toolboxes Display Vertices * 
a ____________ 
Draw Cross Section Solids 
Modif : 
wiles: Blade Ruling Lines 


Dimensions 


@ General 
pot Horizontal 
I Vertical Outline 
Length/Distance 
(© Radius 

© Diameter 

Fac% Angle 

¥t Semi-Automatic 


4 


nac 


Windows 


: [|] The ruler takes space 
seccipemetiuateeee as ee and is sometimes annoying. 
Let's turn it off. < 


Constraints 


[2] Pull-down-select 
View/Ruler to 


Settings 


Sketching | Modehng 


Details View turn off the ruler. 
=| Details of Sketch! 
teh es For the rest of the 


ketch Visibilrt show Sixetch 


book, we leave the 
ruler off. 7 


nstraints? | N 


-| Dimensions: 2 


- 7.07 in : { 
= 0.000 ?5 000 10.000 (in) 
~ Edges: 4 
bre Ln? 
Line Lng v | Model View | Print Preview 
@ General -- Select point or 2D Edge for dimension or use RMB for optians No Selection Inch Degree 0 0 
| 
Gi A Geometry - DesignModeler ” - oO x 


File Create Concept Tools Units View Help 
WA B@ = Dundo Select tm S?TQQQgQQaoAh zA~AG@e #9 
M- &- Ay f° 4° AV AO AF 
XY Plane vA) Sketch) ~ 23 | BH Generate [24] Parameters 
Bhixtrude geRevolve @& Sweep @ Skin/loft 
@ Point 
BladeEditor. @@impen GD fefioad BGO / \e Splitter oA VistaTFExport “\ExportPoints mm StageFluidZ 


[6] Click Name e [7] Now, dimension values 


—_ to turn it off. (16.25 and 7.07) are displayed 
Modify Value lr in place of the names. For the 
Dimensions — ? T } 


rest of the book, we always 

display dimension values. In 
steps [8-11] (next page), we'll 
set Value as the default 
: Dimension Display at 
| startup (so we don't have to 
a i go through steps [5-6] any 

more). | | 


automatically 
turns on. > 


(© Radius 
OCiameter 
AAngle 

Ft Semi-Autcmatic 


a ae Settings 
4 — a 
-@-):- $c AEG SS 

Details View 


. = Details of Sketch? 7 A / 
mame) _[4] If the 
Isp ay. 7 Show Constraints? | No Display tool is 
=|| Dimensions: 2 : . 


8 7aTin not visible, click 
7 see to scroll all the 1 4 


~)| Edges: 4 
— = way down to the 
@ Display -- Set dimension display options bottom. = No Selection Inch Degree 0 0 
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GB A: Geometry - DesiqnModeler - Oo 4 
File Create Concept Toois Units View Help 
dA oe Ss ft ~STQQQANQQ% MH AGe 
M- &- f- A> 
XYPlane ~ (55) Parameters 
BhExtude @meRevol 
@ Point 


BladeEditor. ¢@import ZFlowPath g@/ Blade gf Splitter ofVistaTFExport “\ExporPoints MmilStageFluidZone g@SectorCut ig Throatévea 


Sketching Toolboxes 9 
Draw ~ 
Modi : 
Dimensior ] j 


(< Radius 
© Diameter 
A Angle 
7 Semi-Automatic 

Edit 
FE] Move i 
|»4 Animate 

Qisplay 


[8] Pull-down-select 
Tools/Options... | 


Repair » 
Constrain'’ 


Settins Analysis Tools » 


Sketching | Mode 
——_— <'.| Parameters 


Details View 
=| Details of Sketch? 
Sketch 


Sketch Visibility 


: Y 
Show Constraints? |No |= 3 
=| Dimensions: 2 : | 8 
Ht 7.07 in : 
v2 16.25 : 
r 


No Selection Inch Degree 0 0 


=) () DesignModeler 


Ws Geometry Sketching © oe a 
@ Graphics Global Auto Constmints On 
D Miscellaneous ‘Cusor Auto Constraint On [10] Select Value as the 
A Ske Val e e 
oA aes ; Bank : default Dimension 
= oTrninon pal e 
D Units Show Gud Gn 2D Display Mode) | No Display. | 
i em Aqwa ‘Snap to Guid (while in Sketching) ‘No 


; 4 nce i Apply Gad Defaults to Active Plane No 
; =| Gud Defaults Qdeters) 


+ FE Modeler 


Minimum Axes Length 3 | 

| Major Gaid Spacing 5 . 

acta ama ; Options window. Click Yes to 
-||Gad Defaults (Ceatimetens) 

a 3 confirm the changes. | 

Major Gad Spacing 5 

Nina-Steps pex Major 5 

ConA Seanwe cov Win ew 1 


Background Color of the Graphic Area 


[12] In this book, for better readability, the background color of the graphic area is always shown in white. To set up 
the background color, pull-down-select Tools/Options in Workbench GUI (2.1.2[2], page 57; not 
DesignModeler GUI, 2.1.2[8], page 58) and select Appearance. # 
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2.1.5 Draw a Polyline / 


[7] Right-click anywhere on the 


graphic window to open a context ie cai 
GH A: Geometry - DesignModeler menu, and select Open Endto | -¢c Back 
File Create Concept Tools Units View Help end the Polyline tool and leave : 
) Undo Select: ¢ i > 
( vo Ss the polyline open. # ee 
A° A AAP a > 
[1] Select the aa IT = A aes 
D ib Sketch - { Generate 2) Patamerers w Isometric View 
raw too OX. yg le @& Sweep & Skin, Loft Iso 
% ———— fu set 
Bladefditct pf Blade of Splitter WVistaTFExport “\ExpornPoints mi@StagefiuidZone gi SectorCut eel TS$0 Restore Default 
[2] Select the - e : som'ta Fat (9) 
ching Todjiboxes M4 om t 
apiece Tay Polyline tool. | — BH 
sine — “| Cursor Mode > 
& Tangent Line Y ; y j ° 
| % Line by 2 Tangents i View > 
iy Polyline : 
| (*sPolygon (9 Look At 
TT) Rectangle 
1 Re 
eg -2 Generate (F5) 


[3] Click roughly here to start a 
polyline. Before clicking, make 
sure a C (coincident) appears. > 


i 


Stet [4] Click the second point 


Details View = da 


=) Details of Sketch "ls roughly here. Before clicking, 
== = make sure a C and an H 


Sketch Visit 


‘ 
Uiiry nc 
Show Constraints? | No 


_ Seow cone [6] Click the fourth point (horizontal) appear. | 
i --| roughly here. Before 
ees “clicking, make sure an Ai 
=. x anda C appear. 7 : + —§. 
@ Polviine -- Click for start of polyline No Selection 


[5] Click the third point roughly 
here. Before clicking, make sure 
a V (vertical) appears. <— 


2.1.6 Copy the Polyline 


f \ 
GD A: Geometry - DesignModeler p : 7 
eisai Sete tier [4] Right-click anywhere on Sree 
File Create Concept Tocls Units View Help h hi ; d d End ?/ Set Paste Handle 
$$ Siti Qinde Select Rr fH the graphic window, an End / Use Plane Origin as Handle 
S | \e AY A x al select End/Use Plane End / Use Default Paste Handle 
etch! ~ #4 enerate | Parameters “4 - 
[I] Select the = Els ses) Origin as Handle. | | ae eel : 
Modify toolbox. | [Ye &*" J nee 
* <BGD feioad 8GD ‘/Load NDF SB FlowPath pf Blade af Splitter a VistaTFExport S\ExportPoints MStageFiuidZone mh Sector€ ) Isometric View 
| Graphics j + Restore Default 
| r | _ 107 — - gq Zoom to Fit (F7) 
| Fillet if = i (a Cursor Mode 
esti [2] Select the View : 
rrr | Copy tool. | P77 $9 Look A 
ENS slit : ae 
ia pe j > 4 Delete 
¥ Cut (Curl+ % | ¥ Generate (F5) 
> Copy (Ctrl+ C O i so 
| A Paste (Ctrl+ V i 
ee Sandcostesiceus I scnsenccesssecad nt eosessevceeee a wseees poasene 
Constraints 
Setnss_| [3] Select the three | 
— | newly created : 
= Details of Sketch! segments by clicking 
Sketch Sketehi : 
Sketch Vaibity [shew sey ONE after another. 7 | . 
Show Constraints? | No O— 
Dirnensions: 2 : 
- = ' 
- Sizes 7 = - Model View Print Prev evs —_ nee — 
@ Copy (Cerl+ © -- Select 2D Points or Edges No Selection Inch Degree 0 
~ 2 
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Sketching Toolboxes 


Rotate by r 
Rotate by -r 


$5, 
[6] Right-click-select 
Flip Horizontal. | 
ee 


Flip Yertical 


[5] The Paste tool is Scale by factor f 
maticall r d.—- Scale by factor 1/f | 

i ape dna Paste at Plane Origin O [7] Right-click-select Paste 

i es ee Change Paste Handle at Plane Origin. ff 

Ba Copy (Chit C) 

[ea Paste (Cale V) eS End 

ee Cut (Ct X) 
Copy (Ctrl+ C) 
Selection Filter » 


@D Isometric View 


Iso 
——ee——E ef Set 
~~ Restore Default 
@ Zoom to Fit (F7) 
r Cursor Mode > 
[8] Right-click-select End to end the View » 
Paste tool. An alternative way 69 Look At 
(actually, a more convenient way) is to 
press ESC to end a tool. # <J Generate (F5) 


* 
_ __ _+_——* = _—=3 


2.1.7 Basic Mouse Operations in Sketching Mode 


[|] Now, try these basic mouse operations in the sketching mode [2-7]. Press ESC to deselect all entities. After trying any 
of [5-7], click Zoom to Fit (2.1.3[20], page 60) or Look At (2.1.3[4], page 59) to display a fitting view. /“ 


[7] Middle-click-drag: rotate. 
Shift-middle-click-drag: zoom. 
Control-middle-click-drag: pan. # 


[2] Click: add a sketching entity 
to the selection set. Click a 
selected entity to remove it 

from the selection set. | 


[6] Scroll-wheel: 
zoom in/out. <— 


[5] Right-click-drag: 
box zoom. Tf 


[3] Click-Sweep: 
continuous selection. > 


[4] Right-click: open a 
context menu. 1 
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2.1.8 Trim Away Unwanted Segments 


~ketchng Toolboxes 


r Fillet fr 
CC eer [2] Turn on Ignore Axis. 
Without turning it on, the 
=a oS axes would act as 

trimming tools. | 


f: | Drag ‘i 
& Cut (Chit X) 


S Copy (Ctit C) . 
mre cory) | [I] Select the Trim 


= Move tool in the Modify 
oy Replicate toolbox. f ( 
Duplicate ms [3] Click to trim 


= ah ss this segment. > 
D 1 


[4] And click to 
trim this 
segment. # 


Dimensions sd 
Constraints 


Sketching | Modeling | 


=a 
i 
2.1.9 Impose Symmetry Constraints [4] Right-click-select Select 
new symmetry axis. | 
- / 


~ketchmg Toolboxes 


elect new symmetry axis 


Selection Filter » 


@ Isometric View 
Iso 


j= Set 
ol aes [1] Select the "t. Restore Default 
< Perpendicular ‘ 
Constraints @ Zoom to Fit 

c& Tangent om to Fit (F7) 
“ye Coincident toolbox. | eer 
| psSymnmetry iew 

Laas 0% Look At 
Concenthic TORU UPVC ECE CC eee eets Gee Serer rerl eter (ft) feetrrrr. =< CCT er erT TT Trrrr ayy 

yp evel [2] Select ee 

yi Equal Length -/ Generate (F5) 
ea Equal Distance Symmetry. i 


Settings 


8 = a [5] Click the vertical axis and then two 
vertical segments on both sides as shown to 
| make the two segments symmetric about 
the vertical axis. Although they seem 


e 

[3] Click the horizontal axis and 

then two horizontal segments on 

both sides as shown to make the 

two segments symmetric about 
the horizontal axis. 7 


already symmetric before we impose the 
constraint, the symmetry was "weak;" i.e., 
they may be overridden by other 
constraints. Now, the symmetry is "strong" 
and cannot be overridden. # 
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2.1.10 Specify Dimensions 


Sketching Toolboxes g f [1] Select the : 
— Dimensions toolbox. | 
Modify , peg! 


| Dimensions r~ | + 
eee O [2] General is the default tool. | 
"TL Verticel a 


Pca 

(< Radius 

©) Diameter A Select Horizontal (to specify a 

dy Angle . horizontal dimension). | 

7 Semi-Automatic 

& Edit 

Fl Move | 

[i = [3] Click this vertical segment and 

a move leftward to create a 
Constraints . dimension (in the details view [4], 

Settings | Rake corresponding name is V3). | 


Sketching | Modeling 


= 


0.626 


Details View 
Details of a 
Sketch | 


Sketch Oh ee Sketch 
—< Constraints? | No 


[7] In Details View, 
type 0.38 (in) for H4. \, 


[4] In Details View, 
type 0.628 (in) for V3. 


[6] Click these two vertical 
segments one after the other 
and move upward to create a 

nonizonta! dimension (H4). \ 
ph 


[8] All the sketching entities are blue- 


colored, meaning that they are well- 
defined, i.e., fixed in the space. # 
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- 


\ 


2.1.12 Move Dimensions 


Dimensions 


Sketching Toolboxes 


fr Fillet 
/ Chamfer 
—" Comer 
+ Trim 
— Extend 

¢ > Split 

fxj Dive 

¥, Cut (Ctr+ X) 


[1] Select the 
Modify toolbox. <— 


[2] Select the . 
Fillet tool. > [3] Type 0.375 (in) for 


Radius. | 


Copy (Cti+ C) he 
(PyPaste (Cts ¥) 
= Move 
= Replicate Pa 
Duplicate [4] Click these two 
> oS v segments to create a 
| — fillet. Repeat this step 
isin pal for the other three 
—— concave corners. > 
Settings 
Sketching | Modeling 
a 


& Geometry - DesignModeler 

File Create Concept Tools Units View Help 

i a Undo Select 
Ai At A AOA 

; 7 | Sketc ~ #9 3} Generate 
ude @@Revobe @&Sweep | Skin/lof 

t 


fw & 


[1] Select the 


el Parameters 


toolbox. \, 


ditor ia import BGD fa] Load BGD 


Load NDF 


2 Graphics 


= maar 


Sketc Toolboxes 
: Draw 
Modify 


() Dimensions 
@ General 
f= Honzontal 
If Vertical 
4 Length/Distance 
& Radius 
eo ameter 
. 
A Angle 


¥E Semi-Automatic 


[2] Select Move. — 


Sleterhing | f 
Sketching 


Details View a 
= Details of Sketch! a 
ketch Sketch 1 
ketch bilrt Show Sketch 
Show Constramts? |p 
- Dimensions: 4 


4 7.07 in v | Model View | Print Preview 


@ Move -- Select dimension to move 


SFlowPath gp Blade gf Splitter A VistaTFEx 


[4] Click Zoom to Fit 
whenever you feel necessary. # 


eRe e nena eee e nee eneeneeeeneneee 


? 
00:96 3) 
bial 
teeneenneee 1Gprsensseseen cemmmnne 
936 
> o—————6 
¢ + o 


value and move it to an 
dimensions. Scroll the 
mouse wheel (or shift- 


zoom in/out (2.1.7[6-7], 
page 64) whenever you 
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[5] The greenish-blue color 
of the fillets indicates that 
these fillets are under- 
constrained. The radius 
specified in [3] is a "weak" 
dimension (may be 
overridden by other 
constraints). We could 
specify a Radius 
dimension (in the 
Dimensions toolbox) to 
turn the fillets blue. 
However, we decide to 
ignore the color. We want 
to demonstrate that an 
under-constrained sketch 
can still be used. 
Remember, however, it is a 
good practice to make all 
entities blue-colored. # 


[3] Select a dimension 
appropriate position. 
Repeat this for other 


middle-click-drag) to 


feel necessary. \ 


| 
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2.1.13 Generate a 3D Solid Body 


[3] Remember that the active sketch 


is shown here (2.1.3[7], page 59). / [8] Click Generate. | 


1 { ; 
File Create Concept Ta Js Units View Help 


fH fT & St+#QQQMQQRwAg@e 


‘GB Generate ] QP Share Topology [Fe] Parameters 


~— a Surface @Blend © Q@Chamfer QDPSlice EEE. 
Yc tdroon [1] Click the little cyan 


importBGD gajload BGD zo NOF SBriowPath eee af Splitter een “ExportPoints MB StageFluidZone sphere to rotate the view 
(Fite a | to an isometric view, which 
[4] Click [> Aeon is a convenient 3D view. /“ 
Extrude. — re cviete 
\ y, 8 couse’ | [5] The Modeling mode is SS. 


o 


. “| automatically activated. | = 


pee 
a 
TY 
a 
= 
0 

& 


+. 


Sketching twode ng 


Sie __ _____* | [6] Click Apply. By 
SS default, the active 


ude Extrude! 


aoe _ ee sketch [3] is used as = 
irection Ve None (Normal H 
een eas Geometry. | a 
xtent Type Fixed ve 


¥ 
E Ty Fine 
FD1, Depth (>0) | 120 in eg 
As Thin/Surface? No 
Merge Topology? Yes 


~ Geometry Selection: 1 Si 
i 
NS, 


| [7] Type 120 (in) for 
ee Depth. | 


Sketch Sketch] 


[2] The view rotates to 
an isometric view. \. 


eqree 


GB A: Geometry - DesignModeler = 0 X 
File Create Concept Tools Units View Help 
dia & Select | hy fh B Se Qi 
M-B&-~ fy f° 4° A KAP 
XY Plane 7 Fe | Sketch ~ Y Generate Share Topology FF}Parameters 
Ghextude @eRevove @& Sweep | Skin/lott QiThin/Surface Q@Blend ~ &Chamfer WB Slice 
@ Point 8) Conversion 
BladeEditor 84 Import BGD ff Load BGD »Load NDF =F FlowPath pf Blade gf Splitter wD Vistay 
bt Sf w 
Graphics 


— 


Kport “\ExportPoints m™mStageFluidZone gf SectorCut [| 0] Click Display 
Plane to turn off 
. | the display of the 


, 
[9] Click Zoom to _ | sketching plane. / 
Fit. Feel free to use | \ 2 


this tool any time. > A 
a if a 


- se 
—- > 
ae A 
> 
o r 
,. r. 
Pa 4 
- 
> 
Ps 
Pt 
Pa 
r 
a > a 
Details View x A 
belt So i 2 
Pa - 
= Details of Extrude? i Sf 
PS a = id 
Rai rial go Zz - 
e x Se te 4 
come Sketch - - 
= ¢ 
n Acid h enal > P sv” 
7 Ss 
e rs None (Norma “ wt 
ection ars - > 
rr. wz 
ten De ed ‘a 
FO1, Depth i 
As Thin/Surface 
Merge Topatog ves 
-) Geometry Selection: 1 f 
ketch Sketch! 


[11] Click all the plus signs (+) 
to expand the model tree 
and browse its structure. # 


\ a 
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2.1.14 Save Project and Exit Workbench 


‘Fie Create Concept Tools Units View Help 


2) Refresh Input 

/ | Start Over (Ctr N) 

i) Load DesignModeler Database... (Ctrl+ O) 
mj) Save Project (Ctlt 8) 

wl Export... 

ge Attach to Active CAD Geometry 

@) Import Extemal Geometry File... 

& Import Shaft Geometry... 


SR. Write Script: Sketch(es) of Active Plane 
Sh Rua Script... 


- 
Print 
mi 


had Auto-save Naw 
Restore Auto-save File 


Close DesignModeler 


——————— ee 


) W16x50_files 
* W16x50 


[4] A file WI6x50 anda 
folder W16x50_ files 
are created in your 
working folder. Double- 
clicking W1I6x50 would 
open the project again. | 


Supporting Files 


rr "he | Fie | View Tools Units Extensions Jobs Help 
. Ls New Crl4N 
[1] Pull-down-select File/ BF Oven... Cel40 
Close DesignModeler. | = Save Chis 
Save As... 


# 


lg} Save to Repository 
(AR Open from Repository 
Schaar 


ranster to Reposite 


, ' ; i teat 
[2] Click Save Project an 
and type W16x50 as the © xan. 
project name. \, jacgenietva » | 
if Scripting y 


% | Export Report... 


1 C: Wsers ASUS Documents |ANSY'S VANS S202 1\Sec0 I- 1\W 16x50.wbpy 


& W16x94 - Workbench 


Tools Units Extensions Jobs Help 


iL) é Project a is 
lim 2] Refresh Project # Update Project | 3% ACT Start Page 
YQ X 
El Analysis Systems A 
Design Assessment 
Eigenvalue Buckling v A ; 
@) Electric 1 Geometry [3] Pull-down-select File/ 
i” licit D * ‘ 
oy Soler aaies 2 @ Geometry v , Exit to exit Workbench. — 
( Fluid Flow (CFXx) 
© Fluid Flow (Fluent) Geometry \ J 


iJ Harmonic Acoustics 
@Y Harmonic Response 
£4 IC Engine (Fluent) 

04) Magnetostatic 

@@ Modal 

LJ Modal Acoustics 

aw Random Vibration 

fi) Response Spectrum 
@ Rigid Dynamics 

Static Structural 

@9 Steady-State Thermal 
f'}, Thermal-Electric 

EJ Topology Optimization 
4 Transient Structural 
@* Transient Thermal 
& Turbomachinery Fluid Flow 
& Component Systems 
G AcP (Post) 

ad? ACP (Pre) 

@ Autodyn 

&@ BladeGen v 


4 View All { Customize... | | 


@ Ready MS dob Monitor... Show Progress 9) Show 0 Messages 


[5] To download the finished project files or view the demo videos, please visit SDC Publications’ website or the 
author's webpage. See Access Code and Author's Webpage in Preface (page 7) for details. # 
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Section 2.2 


Triangular Plate 


2.2.1 About the Triangular Plate 


[4] Tensile forces are 
applied on the three 
side faces. # 


[1] A triangular plate [2-3], with a thickness 
of 10 mm, is used to withstand tensile 
forces on its three side faces [4]. 

In this section, we'll sketch a profile of 
the plate on XY Plane and then extrude 
the profile a thickness of 10 mm along Z- 
axis to generate a 3D solid body. \/—s 

In Section 3.1, we will use this sketch / gf 
again to generate a 2D solid model, which 


[3] The radius 
of the fillets is 
lOmm. \& 


is then used for a static structural 
simulation to assess the stress under the [2] The plate has 
tensile forces. three planes of 
The 2D solid model will be used again 4 symmetry. | 
in Section 8.2 to demonstrate a design 
optimization procedure. — 
30 mm 


300 mm 


2.2.2 Start up DesignModeler ne 


A Unsaved Project - Workbenc [3] Right-click the Geometry 
Fie View Tools Units Extensions cell and select New 

1 ad al Project DesignModeler Geometry... 
4) import... @)Refeshe| to start up DesignModeler. , | 


=~ 3 / 


Gab * our ht 

K3 Turbomachinery Fluid Flow 
E Component Systems 

a} ACP (Post) 

i ACP (Pre) 
@ Autodyn 2 @ Geometry OO? , 
&@ BladeGen 

@) CFX 

@ Engineering Data 
External Data 

@ External Model 

Finite Element Modeler 
BB Fluent 

[1] Double-click to HZ Fluent (with Fluent Meshing) [2] Double-click to create a 


Geome 


launch Workbench. > AN Mechanical APDL L Geometry system 


\ y @ Mechanical Model (2. | .2[5], page 57). i} 
@ Mesh 


Geametry 


| 
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@® A: Geometry - DesignModele ” = oO 4 
File Create Concept a(n i Help 
| bel lel @ Select “ty Ry fo © ~=PQQQHQarst tA Ge 
coy ue At A? AY AY Ay a jas 
XyPlane ’ a3 ¥% Generate 35] Parameters 
Ghixtude @eRevolve &Swd|p | Skin/loft 
@ Point 


BladeEditor &@ Import BGD fy jad BGD [>\LoadNDF SYFlowPath pf Blade gf Splitter mw VistaTFExport “ExportPoints M™BStagefluidZone SectorCut yee ThroatArea 
‘i. 


Sketching Toolboxes 


= 9 Graphics a 


Draw 


s i 
» Line 


ra Tangent Line 


[7] Click Look At to 
look at XYPlane. # 


[4] Pull-down-select 
Units/Millimeter. \, 


4 Line by 2 Tangents 
A Polyline 
T he Bf 
=3 Polygon 
TDRectangle 
-* t = = 
{Rectangle by 3 Points ; 
a? Oval H 
Modify - 74 
Dimensions 
Constraints 


Settings 


fodeiing 


[5] The length unit and the 
angle unit are shown here. <— | 
[6] Select the L*, | 
Sketching mode. 7 
@ Ready ; No Selection Millimeter Degree 


2.2.3 Draw a Triangle on XYPlane Open End 


, Back 
sketchng Toolboxes __———— a. fr \ 


Draw : ; 

— [3] Click the second point 5] Right-click-select 
ste roughly here. Before cl ae d | h 
4 Tangent Line ee osed End to close the 
< Line by 2 Tangents clicking, make sure a V polyline and end the tool. # 
Aron (vertical) appears. | 
(a4 Polygon _ , 
TyRectangle Zoom to Fit (F?} 
CbRectangle by 3 Points [1] Select 
: Cursor Mode > 

@7 Oval Polyline. \, eee 
& Circle N y F View > 
44Circle by 3 Tangents — | a 0% Look At 
>, Arc by Tangent ua : 
c* Arc by 3 Points a : ¥Y Generate (F5) 
éo» Arc by Center “— 
Cty Ellipse il E—___ “a 
7 Spline Pl a 
* Construction Pont we : 
oT cert — ie seateeieameneianenienmenneedl EERIE on meee 

Modify Ss |i.4 

Donensions : 

‘Constraints » 

= es a [2] Click roughly here 
Sketching | Modeling | , : to start a polyline. 
aaa [4] Click the third point roughly here. Before Porineex 


clicking, make sure a C (coincident) appears. ———— 


Auto Constraints is a useful feature of 
DesignModeler (2.3.5, page 84). 7 


—— 
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ee 
“ [2] Click this and the 
vertical segments to 
make their lengths 
equal. | 


2.2.4 Make the Triangle Regular 


Sketchmg Toolboxes 


Draw 


Modify - 
—$$_—_—_____ DZ 
Dimensions it 
eres —, » 
Constramts © we 
jit 


v7 Fixed ee 


= Honzontal a 
4| Vertical 4 , a 
<< Perpendicular ye 

od Tongent [|] From the Constraints ail 
“y Comeident toolbox, select the Equal os : 

--- Midpomt Length tool. Wa ceeeee <“ eeccccecccccccccscccscecs ¢ ce ceccceccccsscoscccecs eens eee 


op. Symmetry " 
“7 Parallel \ Tie 
Concentric  s 
Pay Equal Radius i 
@ Equal Length © a ee 
a Equal Distance tee : 
eu7a 4 uto Constraints hy 


Settings [3] Click this and the sy 
Sketching [Modeling vertical segments to 


make their lengths 
vr equal. # 
\ 


2.2.5 2D Graphics Controls 


[1] Tools for 2D graphics controls are available in the Display Toolbar [2-10]. Click the tools in [4-6] to toggle 
them on/off. Feel free to use these tools any time. Try to click each tool now; they don't modify the model. Note 
that other ways to Pan, Zoom, and Box Zoom are given in 2.1.7[5-7] (page 64) and 2.3.4[1] (page 83). | 


[4] When on, Pan allows you to [3] Zoom to Fit fits [8] Click Next [2] Look At rotates the 
click-and-drag on the graphic the entire sketch in View to go to view so that you look at the 
area to move the sketch. \, the graphic area. <— the next view. / active sketching plane. <— 


St QQg gq QO SS tallal@le | ¢a 


[6] When on, Zoom allows [5] When on, Box Zoom [7] Click Previous 
you to click-and-drag on the allows you to click-and-drag View to go to the 


graphic area to zoom in/out. > a box on the graphic area previous view. { 
to enlarge that portion of 


the sketch. <— 


[9] Click Undo to undo what 
you've just done. Multiple undo is Undo Ce Redo = [10] Click Redo to redo what you've 
allowed. This tool is available only in —————— —— 


Sketching mode. — a 


just undone. This tool is available only 
in Sketching mode. # 
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( [4] In Details View, type 
300 (mm) and 200 (mm) for 
the dimensions just created. 
Click Zoom to Fit 
(2.2.5[3], last page). “ si! 


al 


2.2.6 Specify Dimensions 


Details View a 
[-]| Details of Sketchi 


sketching Toolboxes 


Draw . 
| Merit : Show Siaech —_// : 
Dinniows OQ | / : 
& General - 
ex Honzontal s 
I Vertical : 
J> Length Distance (a) La RAN ERR ERR NRER TEN BD oveseeeeereeneneneens 
(Radius : 
€Diameter : 
a [|] From the Dimension 
B Fait toolbox, select Horizontal. \, O 
[SiMove CQ. : 
[74 Animate 
ft Display 
___ Senses | [5] Select Move and move the 
sees dimensions to appropriate positions " 
=e eee] PON 
—_— — 
[3] Click the left vertex and the vertical 
axis (Y-axis), and then move the mouse ‘ 
downward to create this dimension. All [2] Click the left vertex 
the segments turn blue, indicating they (before clicking, make sure 
are well defined now. (The value 200 is the cursor turns to a point) 
2.2.7 Draw anArc typed in step [4].) Remember, if you and the vertical line, and then 
ofae make any mistake, you always can click move the mouse downward 
UNDO (2.2.5[9], last page. 7 to create this dimension. 
(The value 300 is typed in 
Sketchmg Toolboxes step [4].) va 
Dav O | y, 
“Line [3] Click the second point 
6 Tangent Line roughly here. Before clicking, @) 
See ee taeens make sure a € (coincident) \ 
heart constraint appears. \, 
(ssPolygon [2] Click this vertex 
ae spins as the arc center. 
“a Ovel ea Before clicking, make 
@& Cale sure a P (point) 
44Ciscle by 3 Tangents constraint appears. <— 
—™») Arc by Tangent Ch) 
é* Arc by 3 Points : . 
[cw Are byCenier QU x. assresnsevssomnaseen aS 
CT Ellipse ~~ : “hy 
Cates, ~ aesonat [4] Click the third 
#¥ Construction Point at Intersect: ee point here. Before 
, clicking, make sure a 
Modify select Arc by C (coincident) 
Center. — constraint appears. # 
Z 


Sketching | Modeling 


_"— 
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2.2.8 Replicate the Arc 


[4] Select this vertex as paste 
handle. Before clicking, make 
sure a P (point) appears. 


Sketchmg Toolboxes 


[|] From the Modify 
toolbox, select Replicate. 
Type 120 (degrees) for r 
(rotate). Replicate is 
equivalent to Copy+Paste 
(2.1.6[2, 5], pages 63-64). \, 


Draw 


Modify © 


¢— Fillet 

/ Chemfer 

~ | Comer [3] Right-click-select 
End/Set Paste 


Handle. \. 


+ Tn 

7 Extend 

<> Split 

[ij Drag 

¥, Cut (Ctrl+ X) 
Copy (Ctdt C) 
Ga Paste (Crt ¥) 


= Move 


Clear Selection 


Replicate r= [2] Select End # Use Plane Origin as Handle 

Duplicate Fhe GRE. <b End / Use Default Paste Handle 

>, — | Selection Filter 

D> Spline Edit 
@ Isometric View 

Dimensions ~ oe Set 
Constraints “0 “i 
200.000 ——__——+ @) ‘ ‘ ; 
eens ‘1 [8] Selection Filter is 


also available in the 
context menu. / 


: 
I 
| 
gE 
= 


| 9 


XX Delete 

= 4 Generate (F5) 
1 ? = | 
Rotate by 1 e 
Rotate by -r 
Flip Honzontal 

. . 1 r 7 1 a 
so pie [5, 9] Right-click-select | te Te Ts) 
Seale by factor f Rotate by r from the ae” 
Scale by factor 1/f context menu. | | | 
Paste at Plane Origin . 
Change Paste Handle 
[7] Whenever you have 
__ ee = 7 difficulty making P appear, 

Polecten Biliet > click Selection Filter: 


Points in the toolbar. 
Selection Filter is also 
available in the context 
menu (see [8]). 7 


@ 19 16] Click this vertex to 
<t *et) paste the arc. Before 
“ Re clicking, make sure a P oz 
@) Zoq appears. If you have 
| difficulty making P appear, 

Cu see [7-8]. > 

Vie 
6% Look At 


<f Generate (F5) 
——_—“a 


30G—————_= 


— 
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Rotate by r 

Rotate by -r 

Flip Honzontal 

Flip Yertical 

scale by factor f 
scale by factor 1/f 
Paste at Plane Ongin 
Change Paste Handle 


[1 1] Right-click-select End in the 
context menu to end the 


[10] Select this vertex Replicate tool. Alternatively, 
to paste the arc. press ESC to end the tool. / 
Before clicking, make 
sure a P appears. > View ¢ 
$8 Look At 
~2 Generate (F5) 


[12] We chose to manually set the paste handle at a vertex ([3-4], last page) because 

we want to demonstrate the use of Set Paste Handle [3]. In this case, select EU 
Use Plane Origin as Handle, Rotate by r, and then Paste at Plane 

Origin have the same result. # 


2.2.9 Trim Away Unwanted Segments 


) 


[2] Turn on Ignore Axis 
(2.1.8[2], page 65). | 


sketching Toolboxes 


/ 


[3] Click to trim away " A o 
these 6 segments. # . Ni 


¢ Split 
Ey Pies \ 
y Cutt xX) ) 
S Copy (Ctrt C . 
rn ee. e [l] From the Bilenesesessxessnavsnessiesessssnenntbronssunnys a 
soe. Modify toolbox, 
© Replies select Trim. { 
Duplicate 
=, Offset 

‘> Spline Edit 


Dimensions 


Constraints 


Sketching | Modeling 
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a 


[2] Select this segment and 
the vertical segment to make 
their lengths equal. | 


2.2.10 Impose Constraints 


ake 
[5] Select the 
horizontal axis as 
the line of 
symmetry. | 


Sketehmg Toolboxes 


4| ¥erticel 

wv Perpendicular 
oy Tangent 
sseComesdent 
om Mid point 
spsymmetry © 

@ Parallel 

Concentric 

A Equal Readius 
a 
al Equal Distance 

fan Auto Constraints 


[4] Select Symmetry. — 


[3] Select this segment and 
the vertical segment to make 
their lengths equal. <— 


[6] And select the 
lower and upper 
arcs to make them 
symmetric. | 


[1] From the Constraints 
Settings | toolbox, select Equal 
Length. { 


Sketching | Modeling q 
aaa 
Constraint Status 


[7] The three straight segments turn blue, indicating they are well-defined, while the three arcs remain greenish-blue, 


indicating they are not well-defined yet (under-constrained). Other color codes are black for fixed, red for over- 
constrained, and gray for inconsistency. # 


2.2.1 1 Specify Dimension for Side Edges Details View 


-| Details of Sketch 


ee 
Modify m i ions: 
Dimensions Q * 

Simm 

ke Horizontal 

7I[ Vertical > 

>LengthDistance | [1] Select the Dimension 

(< Radius toolbox and leave General 

Diameter as the active tool. 

z ch ‘ [3] Type 40 (mm) 

2 Semi-Automatic for the new 

& Edit dimension. # 

(=| Move 

[ij Animate 

in Bt Display 

Constraints v 
) sy 
ale [2] Click the vertical segment and move 
| Sketching | Modeling the mouse rightward to create this 
dimension. All the entities turn to blue 

__— 


now. (The value 40 is typed in [3].) 7 
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2.2.12 Create Offset 


Sketching Toolboxes 


Draw 

Modify O | « 

(~ Fillet 

/ Chamfer 

~| Comer 

+> Trim 

| Extend 

<> Split 

[ij Dmg 

¥%, Cut (Ctr+ X) 

Copy (Ctr C) 

Gi Paste (Cr+ ¥) 
oa Move 
co Replicate 
Duplicate 
= Offset 
» Spline Edit 


Dimensions v| 
Constraints 


Sketching [ Modeling | 
iS 


[I] From the Modify 
toolbox, select Offset. 1 
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[2] Sweep-select all the segments 
(sweep each segment while 
holding your left mouse button 
down, see 2.1.7[3], page 64). 
Sweep-select is also called paint- 
select. (See [3] for another way to 
select multiple entities.) \, 


‘Select: *| Che | ty 1 my 
id ts Single Select 
3) | | gork Box select 


[3] Another way to select multiple 
entities is to switch Select 
Mode to Box Select, and then 
left-click-drag a box to select the 
entities inside the box. <— 


i. 


[4] Right-click-select End 
selection/Place Offset from 
the context menu. \, 


& 
| | press ESC, to close the 
Offset tool. || 
J 


Clear Selection 
End selection / Place offset 


Selection Filter > 


@ Isometric View 
mso0 

«ys Set 

*t. Restore Default 
Zoom to Fit (F?) 


Cursor Mode > 
View > 
$9 Look At 


X Delete 
=f Generate (F5) 


a. 
[6] Right-click-select End 
in the context menu, or 


[5] Click roughly Clear Selection 
here to place 
the offset. — Selection Filter > 


@ Isometric View 
<fu Set 
“t. Restore Default 
aawamanaes @ Zoom to Fit (F?)} 
Cursor Mode 4 
View . 
09 Look At 


<f Generate (F5) 


= —s 
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oke tching Toolboxes 


=| Details of Sketch! 
Sketch 


Sketch Visibility | Show Sketch 


[7] From the 
Dimension 
toolbox, select 


Horizontal. | 


[9] Type 30 (mm) for 
the new dimension. | 


[10] If you see something 
like this, never mind; there is 
nothing wrong with it. # 


[8] Create this dimension by 
clicking the left two arcs and move 
downward. Note that all the 
entities turn to blue now. /7 


\ gil 


2.2.13 Create Fillets 


a 


a. 
[2] Click these two segments to 


create a fillet. Repeat this step to 
create the other two fillets. The 
fillets are in greenish-blue color, 
indicating they are weakly defined 


(see [3]). 7 


[1] In the Modify toolbox, 
select Fillet. Type 10 (mm) 
for Radius. — 


Sketching Toolboxes 


SSSR KE AKASH SOCK ARERR HORS CHER KSEE EE EERE PRES eee Pee SESE SEER SEES ES eee ES 


[3] Dimensions 


Co Split 
F/ Dre specified in a toolbox 
¥, Cut (Cit X) are "weak," meaning 
mee Seam they may be overridden 
I + . 
Eee by other constraints or 
2 Revive dimensions (also see 
Duplicate 2 nl i [5], page 67). | 
s.. Offset 
, Spline Edit 
Dimensions . - 
Constraints - 
Settings 
‘Sletching [Modeling | 208+ . 
= 30G J 
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Draw 
Madify 
Dimensions © | * 

ép General 

4 Horizontal 

T[ Vertical 

> Length/Distance 
[(< Radius 

<3 Diameter 
Ay Angle 
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a” 
[5] Click one of the fillets to 
create this dimension. This 
turns a "weak" dimension to a 
"strong" one. Now, all the 
fillets are blue-colored. # 


7 Semr Automatic | 
em [4] From the 3 
Fay citrate Dimension 
1D8! Display toolbox, select 
Radius. 7 
30-—__}«—-| } 

bp p 

300 : 


[4] Click 


(/Surface 


BladeEditor G@impot 6GD gefloadBGD [>|LoadNDF BFlowPath gf Blade 
- vv ¢ 


sal Graphics 


Generate. 7 


Splitter a VistaTFExport 


[6] Click Zoom 


=) -yate XYPlane Ca 
veo Sketch! 


e ee [7] Click all plus 
JW Extrude — signs (+) CO expand 


vcd Sketch1 . 
J@ 1 Part, 1 Body and browse the 


oii model tree. # 


Sketching Modeling | 
Details View a 
— Details of Extrude! A 
Extrude Extrude! 
Geometry Sketch 3 
Operation Add Material 
Oirection Vector None (Normal) 
Direction Normal 
Extent Type Fixed 
FD1, Depth (>0) 10mm 
As Thin/Surface? No 
page veins es [3] Type 10 (mm) for Depth 
= Geometry Selection: 1 Gs 
as Pini 


Note that SketchI is 
automatically entered as 
Geometry. { 


@ Ready 
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% 
[5] Click Display Plane 

to turn off the display of 
the sketching plane. | 


ExportPoints mil StageFluidZone mf SectorCut Ge ThroatAérea 


[1] Click the little 
cyan sphere for an 
isometric view. \ 


to Fit. <— 


lection Millimeter Degret 0 0 
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2.2.15 Save the Project and Exit Workbench 


© A: Geometry - DesignModeler - — oO x 
Fi te Concept Tools Units View Help 

Li bd i & Selec: *R fy ARH S2PQQQNQQQRM A Ge £2 

ea 4 - Td AY AY Fg x o 

x<YPlane of. | Sketch? ~ fo Y Generate QP Share Topology e2] Parameters 


Biexrude ve Q Sweep & Skin/Lok BBThin/Surface Q@Blend ~ QChamfer Slice 
Point Hi Converds SS 


BladeEditor Gq import By “ade Splitter wf VistaTFExport \\ExporPoints si StageFluidZone Wi SectorCut ee Throatérea 


Tree Outline [1] Click Save Project. x oe 
Sa A Georietey Type Triplate as the 


= XY¥Plane ° 
glee project name. | 
vit. DPlane Mee wf 
yay YZPlane ] 
= /B Extrude? 
VS Sketch 
=| /@ | Part, 1 Body 
v @ Solid 


Sketching Modeling 


Details View a 

=| Details of Extrude? a 
Extrude Extrude! 
Geometry Sketch? 
Operation Add Material 
Direction Vector None (Normal 
Direction Normal 
Extent Type Fixed 

FD1, Depth (>0) 10mm Z 

As Thin/Surface? No 
Merge Topology? | Yes 

~ | Geometry Selection: 1 v | Model View | Print Preview 

@ Ready No Selection Millimeter Degree (0 0 


Triplate - Workbench * = O x 


View Tools Units Extensions Jobs Help 
; il iad Project 
wi) Import... ect (@) Refresh Project 7 Update Project | RR ACT Start Page 
Toolbox iP + x - 3 
/ & Analysis Systems A 


Design Assessment 
Eigenvalue Buckling 
(@) Electric 

is Explicit Dynamics 
J Fluid Flow (CFX) 


[2] In Workbench GUI, pull- 
down-select File/ Exit to 
exit Workbench. We will resume 
this project in Section 3.1. # tebe alae aide 
he J Harmonic Response 


£3 IC Engine (Fluent) 

Gy Magnetostatic 

@W Modal 

4) Modal Acoustics 

4 Random Vibration 

ey Response Spectrum 
A Rigid Dynamics 

@ Static Structural 

(3 Steady-State Thermal 
@) Thermai-Electric 

f=) Topology Optimization 
4 Transient Structural 
4 Transient Thermal 
Turbomachinery Fluid Flow 
E] Component Systems 
ap ACP (Post) 

‘jy ACP (Pre) 


@ Autodyn 
i BladeGen 
@h ceY re 
r View All { Customize... 
« Double-click component to edit. MS dob Monitor... @ Show Progress © Show 0 Messages 


err eee 
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ESS olf 
Re Come Come tet Tae Ver 
Jao a UY BHD. Be STRARMQCT MLO 
G&A fA A Aa 
ate oo oe Se ke ee 
(ite Mitre Qe Site Bitietetee Sie: Get Smee Shee PGs 
ee ee i Rqetem ET haere Set i Thenten | Pte 
ry . * @#7@C¢ 
== 
St ewe 
othe ET 
re 


More Details 


2.3.1 DesignModeler GUI 


[1] DesignModeler GUI consists of several areas [2-8]. On the top are pull-down menus and toolbars [2]. 
On the bottom is a status bar [8]. In-between are several window panes. Separators [9] between window 
panes can be dragged to resize the window panes. You can make a window pane "float" by dragging or double-clicking 
its title bar. To return to its original position, simply double-click its title bar again. 

Tree Outline [4] shares the same area with Sketching Toolboxes [5]. To switch between the Modeling 
mode and the Sketching mode, simply click a mode tab [3]. Details View [7] shows the detail information of 
the objects highlighted in Tree Outline [4] or Graphics Window [6]; the former displays a Model Tree (see 
[10], next page) while the latter displays a geometric model. Note that we discuss only the 2D functions of 
DesignModeler in this chapter and will discuss the 3D functions in Chapter 4. | 


[2] Pull-down menus 


and toolbars. / : 
[5] Sketching 


Or A: Geometry - DesignModeler \/ —— | Toolboxes, in the 
| File Create Concept Tools Units View Help Sketching mode. <— 


== - —=/*, h- | fli; ig w ISS QQgamQagas ta 
[4] Tree Outline, in [6] Graphics 
the Modeling mode. — window. | 


a Generate es 5 
([@ ThinSurface 
|=} Load BGD FlowPath po Blade 


Prom S\Comvenion ' sketching Toolboxes 
xportPoints MStageFluidZone x4 Sector Draw 
dD oe “Line 
6 Tangent Line 
6 Line by 2 Tangents 
/, Polyline 
(=3Polygon 
1 Rectangle 
cbRectangle by 3 Points 
6? Oval 
(& Circle 
44 Circle by 3 Tangents 
> Are by Tangent 
¢* Are by 3 Pots 
éa» Arc by Center 
Ct Ellipse 
_ Spline 

# Construction Point 
2» Construction Point at Intersection 


BladeEditor: ¢4Imp\ /BGD 
OR 2 z! 


[9] Separators 
allow you to resize 
window panes. | | 


Dieotion Veotox 
Direction 

Bethe | ——_—___— 
FD1, Depth (>0) | 10 mm | [7] Details Modify | ” 


‘ Sica 
View. — [8] Status bar. \ a 


Model View | Pant Preview 


No Selection 
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Model Tree 


[10] Tree Outline [4] contains an outline of a model tree, the data structure of the geometric model. Each branch 
of the tree is called an object, which may contain one or more objects. At the bottom of the model tree is a part 
branch, which is the only object that will be exported to Mechanical for simulations. By right-clicking an object and 


selecting a tool from the context menu, you can operate on the object, such as delete, rename, duplicate, etc. 

The order of the objects is relevant. DesignModeler renders the geometry according to the order of the objects 
in the model tree. New objects are normally added one after another. If you want to insert a new object BEFORE an 
existing object, right-click the existing object and select Insert/... from the context menu. After insertion, 
DesignModeler will re-render the geometry. # 


2.3.2 Sketching Planes 


[1] A sketch must be created on a sketching plane, or simply called a plane; each plane may contain multiple sketches. In 
the beginning of a DesignModeler session, three planes preexist: XY Plane, YZPlane, and ZXPlane. The currently 
active plane is shown on the toolbar [2]. You can create as many new planes as needed [3]. There are several ways to 
create a new plane [4]. In this chapter, since we always sketch on XYPlane, we will not discuss the creation of 
sketching planes now and will discuss it in Chapter 4. // 


A: Geometry - DesignModeles [3] To create a 
ile Create Concept Tools Vie! NEW plane, click 
New Plane. — 


[2] Currently 
active plane. > 


[4] There are 
‘Base Plane so se several ways to 
"Transform 1 (RMB) enboid create a new 
| Reverse Norrreal/Z-Asas? plane. # 
Flip XY-Axes? From Point and Normal 


Export Coowdinate System? | No 


2.3.3 Sketches Ee 


[1] A sketch consists of points and edges; an edge may be straight or curved. Dimensions and constraints may be 
imposed on points and edges. As mentioned (2.3.2[1]), multiple sketches may be created on a plane. To create a new 
sketch on an empty plane, you simply switch to Sketching mode and draw any geometric entities on it. Later, if you 
want to add a new sketch on that plane, you have to click New Sketch [2]. Exactly one plane and one sketch is 
active at a time [3-6]; newly created points and edges are added to the active sketch, and newly created sketches are 
added to the active plane. In this chapter, we almost exclusively work with a single sketch; the only exception is Section 
2.6, in which a second sketch is created (2.6.4[3], page 106). When a new sketch is created, it becomes the active 
sketch. More on creating sketches will be discussed in Chapter 4. \, 


[3] Currently [4] Currently active 
active plane. > sketch. / 


[2] To create a new sketch 
on the active sketching plane, 
click New Sketch. — 


_—_— er 


[5] Active sketching plane [6] Active sketch can be 
can be selected from the selected from the pull- 
pull-down list, or by clicking down list, or by clicking in 


in Tree Outline. — Tree Outline. # 
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2.3.4 Sketching Toolboxes 


[|] In the Sketching mode, five Sketching Toolboxes (2.3.1 [5], page 81) are available: Draw, Modify, 
Dimensions, Constraints, and Settings [2-6]. Most of the tools in the toolboxes are self-explained. The best 
way to learn these tools is to try them out individually. During the tryout, whenever you want to clean up the graphics 
window, pull-down-select File/Start Over. These sketching tools will be briefly discussed, starting from 2.3.6. 
Before we discuss these sketching tools, let's reiterate some useful tips about sketching as follows. 


Pan, Zoom, and Box Zoom 


Besides the Pan tool in 2.2.5[4], page 72,a sketch can also be panned by dragging your mouse while holding down 
both the control key and the middle mouse button (2.1.7[7], page 64). Besides the Zoom tool in 2.2.5[6], page 72, a 
sketch can also be zoomed in/out by simply rolling your mouse wheel (2.1.7[6], page 64); the cursor position is the 
"zoom center." Besides the Box Zoom tool in 2.2.5[5], page 72, box zoom can also be done by dragging a rectangle 
in the graphics window using the right mouse button (2.1.7[5], page 64). After you are familiar with these mouse 
shortcuts, you usually don't need the Pan, Zoom, and Box Zoom tools in 2.2.5[4-6], page 72. 


Context Menu 


While most of the operations can be done by commands in pull-down menus or toolbars, many operations either 
require or are more efficient using a context menu. The context menu can be popped-up by right-clicking an entity in 
the graphics window or an object in the model tree. Try to explore whatever is available in the context menu. 


Status Bar 


The status bar (2.3.1[8], page 81) contains instructions on each operation. Look at the instructions whenever helpful. 
When a draw tool is in use, the coordinates of your mouse pointer are shown in the status bar. / 


[2] Draw [3] Modify toolbox. >| 
toolbox. > [4] Dimensions 


. = toolbox. [5] Constraints 
odity a 
toolbox. 
| Draw Filet | 
\., Line ’ Chemfer Teo l " 
% Tangent Line —" Comer . « es 
« Line by 2 Tangents +- Trim [Generel | Constraints 
/, Polyline cy Eee. I ae oy Fheed 
(=3 Polygon A sa aL heres — Horizontal 
“ 7 Drag y Length/Distance artinal 6] Settings 
2 isis | ¥, Cut (Ctr X) &Radins Mee [6] b ra 
(oeRectangle by 3 Poimts 3m Copy (Ctlt C) ~ Perpendicular toolDox. 
OP» C3 Diameter T 
@7 Oval py Paste (Chlt ¥) ae cd Tangent 
(a) Circle © Move 4. ae . = Comcident 
44Circle by 3 Tangents © Replicate 7 Semi-Automatic ~.- Midpoint aa 
“=~ Are by Tangent Duplicate a Edit x Symmetry | things 
o*y Are by 3 Points #5, Offoet Eyck / Pocollel Grid 
éa» Axe by Center > Spline Edit [4 pointe Concentric iia = sa ieee 
Cty Ellipse Manga Ha Display “KF Equal Radius ii Deb ee lien 
_ Spline Equal Length «5 Snaps per Minor 
* Constmction Pomt , — } 2x Equal Distance 
x Construction Point at Intersection fon Suto Constraints __——— 
Sr a 
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2.3.5 Auto ConstraintslRe | 2] 


[|] By default, DesignModeler is in the Auto Constraints mode, both 
globally and locally. DesignModeler attempts to detect the user's intentions 
and tries to automatically impose constraints on sketching entities. The 
following cursor symbols indicate the kind of constraints that are applied: 


C -The cursor is coincident with a line. 
P -The cursor is coincident with a point. 
T  -The cursor is a tangent point. 

- The cursor is a perpendicular foot. 

- The line is horizontal. 

- The line is vertical. 

- The line is parallel to another line. 

- The radius is equal to another radius. 


Both Global and Cursor modes are based on all entities of the active 
plane (not just the active sketch). The difference is that Cursor mode only 
examines the entities nearby the cursor, while Global mode examines all 
the entities in the active plane. > 


2.3.6 Draw ToolslRef 3] 


Line 


[2] Draws a line by two clicks. 


Tangent Line 


Click a point on a curve (e.g., circle, arc, ellipse, or spline) to create a line 
tangent to the curve at that point. 


Line by 2 Tangents 


Click two curves to create a line tangent to these two curves. Click a curve 


and a point to create a line tangent to the curve and connecting to the point. 


Polyline 


A polyline consists of multiple straight lines. A polyline must be completed 
by choosing either Open End or Closed End from the context menu 
([3], next page). 


Polygon 


Draws a regular polygon. The first click defines the center and the second 
click defines the radius of the circumscribing circle. | | 
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vor Fixed 
= Honzontal 

4 | Vertical 

< Perpendicular 
on Tangent 

oye Coincident 
--— Midpoint 

ops Symmetry 

/& Parallel 
Concentric 
&® Equal Radius 


| Fou Auto Constraints Global: |v Cursor: [v 


[2] By default, 
DesignModeler is in the 
Auto Constraints 
mode, both globally and 
locally. # 


[|] The Draw 
toolbox. <— 


Draw 


“Line 
6 Tangent Line 

6 Line by 2 Tangents 

/*, Polyline 

(=4 Polygon 

tT Rectangle 

chRectangle by 3 Points 

6? Oval 

(= Circle 

#4 Circle by 3 Tangents 

> Are by Tangent 

gm Are by 3 Points 

éo» Arc by Center 

ct Ellipse 

_ »pline 

* Construction Point 

# Construction Point at Intersection 


"ww 


Rectangle by 3 Points 


[4] The first two points define one side and the third point 
defines the other side. 


Oval 


The first two clicks define two centers, and the third click 
defines the radius. 


Circle 


The first click defines the center, and the second click defines the 
radius. 


Circle by 3 Tangents 


Select three edges (lines or curves) to create a circle tangent to 
these three edges. 


Arc by Tangent 


Click a point (usually an end point) on an edge to create an arc 
starting from that point and tangent to that edge; click a second 
point to define the other end and the radius of the arc. 
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[3] A polyline must be 
completed by choosing either 


Open End or Closed End 
from the context menu. <— 


Open End 
Closed End 


Back 


Selection Filter > 


@ Isometric View 
Iso 

pu det 

“t. Restore Default 


a Zoom to Fit (F7) 
Cursor Mode > 
View » 
0% Look At 


~2 Generate (F5) 
| 


> Open End 

2? Open End with Fit Points 

> Open End with Control Points 

> Open End with Fit and Control Points 
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© Closed End 
© Closed End with Fit Points 


Arc by 3 Points 


The first two clicks define the two ends of the arc, and the third 
click defines a point between the ends. 


[5] A spline must be 
complete by specifying an 
ending condition from 
the context menu. | 


Arc by Center 


The first click defines the center, and two additional clicks define 
two ends. 


How to delete edges? 


[6] To delete edges, select them and choose 
Delete or Cut from the context menu. 
Multiple selection methods (e.g., control- 
selection or sweep-selection) can be used to 
select the edges. To clean up the graphics 
window entirely, pull-down-select File/ 
Start Over. A general way of deleting any 
sketching entities (edges, dimensions, or 
constraints) is to right-click the entity in 
Details View and issue Delete. Also see 
2.3.8[8- 10], page 89, and 2.3.9[5-7], page 90. 


Ellipse 


The first click defines the center, the second click defines the 
major radius, and the third click defines the minor radius. 


Spline 

A spline is either rigid or flexible. A flexible spline can be edited 
or changed by imposing constraints, while a rigid spline cannot. 
After defining the last point, you must specify an ending 
condition [5]: either open end or closed end; either with fit 
points or without fit points. 


Construction Point at Intersection 


How to abort a tool? 
Simply press ESC. # 


Select two edges; a construction point will be created at the 
intersection. 7 
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2.3.7 Modify Tools! 4! 


Fillet 


[2] Select two edges or a vertex to create a fillet. The radius of the 
fillet can be specified in the toolbox [3]. Note that this radius value 
is a weak dimension; i.e., it can be changed by other dimensions or 
constraints. 


Chamfer 


Select two edges or a vertex to create an equal-length chamfer. 
The sizes of the chamfer can be specified in the toolbox. 


Corner 


Select two edges, and the edges will be trimmed or extended up to 
the intersection point and form a sharp corner. The clicking points 
decide which sides to be trimmed. 


Trim 
Select an edge, and the portion of the edge will be removed up to 
its intersection with another edge, axis, or point. 


Extend 


Select an edge, and the edge will be extended up to an edge or axis. 


Split 

This tool splits an edge into several segments depending on the 
options from the context menu [4]. Split Edge at Selection: 
Click an edge, and the edge will be split at the clicking point. Split 
Edges at Point: Click a point, and all the edges passing through 
that point will be split at that point. Split Edge at All Points: 
Click an edge, and the edge will be split at all points on the edge. 
Split Edge into n Equal Segments: Click an edge and specify 
a value n, and the edge will be split equally into n segments. 


Drag 


Drags a point or an edge to a new position. All the constraints and 
dimensions are preserved. 


Copy 


Copies the selected entities to a "clipboard." A Paste Handle 
must be specified using one of the methods in the context menu 
[5]. After completing this tool, Paste tool is automatically 
activated. 7 
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[1] The Modify 


toolbox. <— 


\ 


Modify 


¢— Fillet 

/ Chamfer 
~ Comer 
+ Trim 

— Extend 
< Split 

[xj Drag 

¥%, Cut 

Ga Copy 

GF Paste 

= Move 
cr Replicate 
(O) Duplicate 
=», Offset 
» Spline Edit 


| 


[3] The radius of fillets can 
be suggested; it is a "weak" 
dimension. | 


[4] Options of 
Split in the 
context menu. | 


¥ Split Edge at Selection 
Split Edges at Point 
Split Edge at All Points 
Split Edge into n Equal Segments 


SE OW 


[5] Options of 
Copy in the 


context menu. al 


Clear Selection 
End / Set Paste Handle 
End / Use Plane Origin as Handle 


End / Use Default Paste Handle 
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Cut [7] Options of 

= : - Paste in the 
[6] Similar to Copy, except that the copied entities are context menu. | 
removed. 
Paste Rotate by x Degrees 
Pastes the entities in the "clipboard" to the graphics window. Rotate by -1 Degrees 
The click defines the point at which the Paste Handle Flip Horizontal 
positions. Many options can be chosen from the context menu Flip Vertical 
[7], where the rotating angle r and the scaling factor f can be Scale by factor f 
specified in the toolbox. Scale by factor 1/f 

Paste at Plane Origin 

Move Change Paste Handle 
Equivalent to a Cut followed by a Paste. (The original is | rl a 


removed.) 


[8] Options of 
Spline Edit in the 
context menu. # 


Replicate 


Equivalent to a Copy followed by a Paste. (The original is 
preserved.) 


; Select New Spline 
Duplicate Re-fit Spline 
Similar to Replicate. However, Duplicate copies entities to wade ee 
elete New Fit ts 
the same position in the active plane. Duplicate can be used Sat ie verifoem 
to copy features of a solid body or plane boundaries. — 
Drag Fit Point 
Drag Control Point 
Offset Insert Fit Point 
Creates a set of edges that are offset by a distance from an anes aes 
existing set of edges. = —eea_ 
Spline Edit 
Used to modify flexible splines. You can insert, delete, drag the fit [|] The Dimension 
points, etc [8]. For details, see the referencelRef 4], /7 toolbox. / 
Dimensions — 
, , Ref 5 oT 
2.3.8 Dimensions Tools!Re>l (1; ee 
TI Vertical 
 LengtDistance 
General (Radius 
Diameter 
[2] Allows creation of any of the dimension types, depending on A Angle 
what edge and context-menu options are selected. If the <a 
selected edge is a straight line, the default dimension is its length SS ove 
([3], next page.) If the selected edge is a circle or arc, the default [eq Animate 
dimension is its radius ([4], next page). | 98! Display 
OU 
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Horizontal 


[5] Select two points to specify a horizontal. If you select an edge (instead of a 
point), the end point near the click will be picked. 


Vertical 


Similar to Horizontal. 


Length/Distance 


Select two points to specify a distance dimension. You also can select a point 
and a line to specify the distance between the point and the line. 


Radius 


Select a circle or arc to specify a radius dimension. If you select an ellipse, the 
major (or minor) radius will be specified. 


Diameter 


Select a circle or arc to specify a diameter dimension. 


Angle 


Select two lines to specify an angle. By varying the selection order and location, 
you can control which angle you are dimensioning. The end of the lines that you 
select will be the arrow point of the hands, and the angle is measured 
counterclockwise from the first hand to the second. If the angle is not what 
you want, repeatedly choose Alternate Angle from the context menu until 
a correct angle is selected [6]. 


Semi-Automatic 


This tool displays a series of dimensions automatically to help you fully 
dimension the sketch. 


Edit 


Click a dimension and this tool allows you to change its name or values. 


Move 


Click a dimension and move it to a new position. 


Animate 


Click a dimension to show the animated effects. 


Display 
Allows you to decide whether to display dimension names, values, or both. In 


this book, we always choose to display dimension values [7] rather than 
dimension names. 
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[3] Options of 
General in the 


context menu if you 
select a line. | 


lt Horizontal 
TL Vertical 
> Length/Distance 
Ay Angle 
Select Pair 


=———_—" 


[4] Options of General in 


the context menu if you 
select a circle or arc. <— 


(< Radius 
ei Diameter 
select Paar 


=" 


[6] You may repeatedly 
choose Alternate Angle 
from the context menu 
until the correct angle is 


selected. | 


Alternate Angle 
Do Not Move with geometry 
Edit Name/¥ alue 


= 


¥5 Semi-Automatic 
a Edit 


[Rg Disrley 


[7] In this book, we 


always display 
dimension values. J 


How to delete dimensions? 


[8] To delete a dimension, select the dimension in Details 


View, and choose Delete from the context menu [9]. You 
can delete ALL the dimensions by right-clicking 
Dimensions in Details View [10]. — 


2.3.9 Constraints ToolslRef él 


Fixed 


[2] Applies on an edge to make it fully constrained if Fix Endpoints 
is selected [3]. If Fix Endpoints is not selected, then the edge's 
endpoints can be changed, but not the edge's position and slope. 


Horizontal 


Applies to a line to make it horizontal. 


Vertical 


Applies to a line to make it vertical. 


Perpendicular 


Applies to two edges to make them perpendicular to each other. 


Tangent 


Applies to two edges, one of which must be a curve, to make them 
tangent to each other. 


Coincident 


Select two points to make them coincident. Or, select a point and an 
edge to make the edge or its extension pass through the point. There 
are other possibilities, depending on how you select the entities. 


Midpoint 
Select a line and a point to make the midpoint of the line coincide 
with the point. 


Symmetry 


Select a line or an axis, as the line of symmetry, and then select two 
entities to make them symmetric about the line of symmetry. > 
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Sketch Visitality | Show Sketch 


[10] You can delete 


all the dimensions 


Show Constraints? | No 


by right-clicking 
Dimensions. # 


[9] You can delete a 
dimension by right-clicking 
it in Details View. { 


[|] The Constraints 


toolbox. < 


Constraints 
zor Fixed 
= Horizontal 
4| Yertical 
x Perpendicular 
ow Tangent 
s¥e Coincident 
--— Midpoint 
ope Symmetry 
/ Parallel 
Concentric 
&® Equal Radius 
a Equal Length 
x2 Equal Distance 
fon Suto Constraints 


=——__— 


[3] If Fix Endpoints is 


selected, the edge will be 


fully constrained. . | 


Constraints 
Fix Endpomts [Vv 
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Parallel 


[4] Applies to two lines to make them parallel to each other. 


Concentric 


Applies to two curves, which may be circle, arc, or ellipse, to make their centers coincident. 


Equal Radius 


Applies to two curves, which must be circle or arc, to make their radii equal. 


Equal Length 


Applies to two lines to make their lengths equal. 


Equal Distance 


Applies to two distances to make them equal. A distance can be defined by selecting two points, two parallel lines, or 
one point and one line. 


Auto Constraints 
Allows you to turn on/off Auto Constraints (2.3.5, page 84). | 


How to delete constraints? 


[5] By default, constraints are not displayed in Details View. To display constraints, select Yes for Show 
Constraints? in Details View [6]. To delete a constraint, right-click the constraint and issue Delete [7]. | 


[6] Select Yes for 
Show Constraints? 
in Details View. | 


=| Details of Sketch 
‘Sketch Sketch! 


‘Sketch Visibility ‘Show Sketch 


Hi 300 mm 
H2 1200 win 
H4 130 mm 


10 men 
| 40 mmm 


Asds Line YAsas 
Peant Cxl10. Centex 
PG Delete 
¥ Generate 


Coincident: Base Point | Point (x12 Base 


‘Coincident: End Point | Point Cx10.End [7] Right-click a constraint 


and issue Delete. # 


a 
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2.3.10 Settings Tools!Ref 7] 


Settings 
Grid [1] The 
is Major Grid Spacing Settings 
2S Minor-Steps per Major toolbox. <— 
éS Snaps per Minor 


Grid 
[2] Allows you to turn on/off grid visibility and snap 
capability [3-4]. The grid is not required to enable 


snapping. [4] Check here 


to turn on 
[3] Check here to turn Snap. | 


on Show in 2D. — 


Major Grid Spacing 


Allows you to specify Major Grid Spacing [5-6] if 
Show in 2D is turned on. 


Minor-Steps per Major 


Allows you to specify Minor-Steps per Major 
[7-8] if Show in 2D is turned on. 


[5] If Show in 2D is turned 
on, specify Major Grid 
Spacing here. / 


Snaps per Minor 
Allows you to specify Snaps per Minor [9] if Snap 


is turned on. 7 EE ——_——ssem gy 


[6] Major Grid 
Spacing = 10 mm. — 


[7] If Show in 2D is turned 
on, specify Minor-Steps 


per Major here. / 


«>» Minor-Steps per Major 


[9] lf Snap is turned on, 
specify Snaps per 
Minor here. # 


[8] Minor-Steps 
per Major = 2. — 


«» snaps per Mmor 


References 


|. All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Auto Constraints 
2. All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Constraints Toolbox//Auto 


Constraints 

All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Draw Toolbox 

All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Modify Toolbox 

All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Dimensions Toolbox 
All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Constraints Toolbox 
All Help>DesignModeler>ANSYS DesignModeler User's Guide>2D Sketching>Settings Toolbox 
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Section 2.4 


M20x2.5 Threaded Bolt 


2.4.1 About the M20x2.5 Threaded Bolt!Re's | 2] 


[1] In this section, we'll create a sketch and revolve the sketch 360° to generate a 3D solid body, a body representing a 
portion of an M20x2.5 threaded bolt as shown in [2-7]. We will use this sketch in Section 3.2 again to generate a 2D 
solid body, which is then used for a static structural simulation. | 


[4] Major 
[3] Metric diameter 
system. > d=20mm. > 
\ [7] Calculations of 


H = (v3/2)p = 2.165 mm 


M20x2 5 d =d—-(5/8)H x 2=17.294 mm 


H 
[6] Thread 
standards in the 
metric system. > 


some details. # 


|x 


H 
8 
un 
nm 
- External ~~ e 
x threads ee 60° 
= (bolt) ; x 
= 
Internal 
threads 
(nut) 
ae 


[2] The threaded 
bolt created in this 
exercise. 7 


Minor diameter of internal thread d 


Major diameter d 
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2.4.2. Draw a Horizontal Line 


OO 
[|] Launch Workbench and create a Geometry system. 


Save the project as Threads. Start up DesignModeler. 
Select Millimeter as the length unit and make sure that 
Degree is the angle unit. 
On XYPlane, draw a horizontal line and specify the 
dimensions (8.647 mm and 27.5 mm) as shown in [2]. > 
Mes 


2.4.3 Draw a Polyline 


/ 


To specify angle dimensions, please see Angle, 2.3.8[5], page 88. | 
\ 


[2] This is the line 
drawn in 2.4.2[2]. \, 


| 7” al 
60.00° oe 
\ i anh hee 
% sp ts, 
» ig 
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— 5A? — 


[2] Draw a 
horizontal line 


with dimensions 
like this. # 

27.500 

ed ae 


[3] Draw a polyline of 
3 segments. # 


93 


ee 
[1] Draw a polyline of 3 segments [2-3] and specify the dimensions (30°, 60°, 60°, 0.541 mm, and 2.165 mm) as shown. 
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2.4.4 Draw a Line and a Fillet 


‘i 

[|] Draw a vertical line and specify its position [2]. 
Create a fillet and specify its position [3-4]. \, 
XN 


\ 


[2] Draw a vertical line 
and specify its position 
(0.271 mm). <— 


[3] Create a fillet (also 
see [4]) and specify its 
position (0.541 mm). — 


[4] Before creating fillets, 
specify an approximate 
radius value, say 0.5 mm. # 


[2] The sketch iid 
[|] Trim away these trimming. 
three segments. > 
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2.4.6 Replicate |0 Times 3 —— 


(ry Select the Replicate tool and select all segments except “* 
the horizontal line (4 segments in total), and replicate 10 times. — \ 
Set the Paste Handle as shown in [2]. You may need to use <30.00° 60.00" 
Selection Filter: Points [3] (also see 2.2.8[7-8], page 74). | ® osm | 
\ — 


*% 


[2] Set Paste 
Handle at this point 
(also see [3]). <— 


[3] Selection 
Filter: Points. # 


7 


Pe pe po Pm, 
DNL SPSS’ EE 


| 
3 2? 500 
2.4.7. Complete the Sketch : 5 
: 
2.165 | a 
2.168 A & 
. : \ B 
f , EC a0 O00 F 60 00° vile scccesduccesses Sees ccc cccces ie eueccccescccusesceceseussessenss 
. e_ OK } ; 
B Fa 
E 
> 
fe ‘a 
[2] Draw this vertical a 
line, which passes A 
through the origin. | a 


* 


[|] Create this 
segment, using 
Replicate. — 


[5] Draw this 
horizontal line. # 


ey 


~ en see pissisnansel oe & be eacnaKouahniguawnain nos suansaa¥ee [4] Draw this vertical line. 
[3] Specify ; You may need to trim 
this dimension away extra length later 
(4.5 mm). > after the next step. <— 
\ 
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2.4.8 Revolve to Create 3D Solid 


BO eee 
[1] Click Revolve to generate a solid of revolution. Select the Y-axis 
as the axis of revolution [2]. Remember to click Generate. Save the 
project and exit Workbench. We will resume this project in Section 
3.2. | 


Si 


Ga Revolve 


cS) 


[2] Select the Y-axis as the Axis 
of revolution. (Make sure you 
correctly select the Y-axis.) # 


References 


|. Zahavi, E., The Finite Element Method in Machine Design, Prentice-Hall, 1992; Chapter 7. Threaded Fasteners. 
2. Deutschman,A. D., Michels, W. J., and Wilson, C. E., Machine Design:Theory and Practice, Macmillan Publishing Co., Inc., 
1975; Section 16-6. Standard Screw Threads. 
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Section 2.5 


Spur Gears 


2.5.1 and 2.5.2 give the geometry of the spur gear used in this section. If you are not interested in these geometric 
details for now, you may skip them and jump directly to 2.5.3 (page 99). 


2.5.1 About the Spur Gears!Res |: 2] 


[1] The figure below shows a pair of identical spur gears in mesh [2-5]. Spur gears have their teeth cut parallel to the 
axis of the shaft on which the gears are mounted, transmitting power between the parallel shafts. To maintain a 
constant angular velocity ratio, two meshing gears must satisfy a fundamental law of gearing: the shape of the teeth must 
be such that the common normal [9] at the point of contact between two teeth must always pass through a fixed point 


on the line of centerslRef'] [6]. The contact point is called the pitch point [7]. 

The angle between the line of action [9] and the common tangent of the pitch circles [8] is known as the pressure 
angle. The spur gear is defined by its pitch radius (rp = 2.5 in) [4], pressure angle (a = 20°) [9], and number of teeth (N 
= 20). The teeth are cut with a radius of addendum ra = 2.75 in [10] and a radius of dedendum rq = 2.2 in [I 1]. The 
shaft has a radius of 1.25 in [12]. All fillets have a radius of 0.1 in [13]. The thickness of the gear is 1.0 in. / 


a aeeal tik ar =x [9] Line of action 
geal, § c= _ (common normal of 


clockwise. | o_o — ™ ) contacting gears). The 
; pressure angle q@ = 20°. / 


[3] The driven gear, 
rotating counter- 
clockwise. | 


[5] Pitch circle of the 
driving gear. < 


[4] Pitch circle, [7] Contact point 


(pitch point). > 


[8] Common tangent of 
the pitch circles. { 


[12] The shaft has a 
radius of 1.25 in. | 


[11] Dedendum, 
ra4=2.2 in. > 


[13] All fillets have a 
radius of 0.1 in. # 
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2.5.2 About Involute CurveslRefs ! 2] 


[1] To satisfy the fundamental law of gearing, gear profiles are usually cut to an involute curve [2], which may be 
constructed by wrapping a string (BA) around a base circle [3], and then tracing the path (A-P-F) of a point (A) on the 


string. Given the gear's pitch radius rp and pressure angle q, we can calculate the coordinates of each point on the 
involute curve. \, 


[4] For example, let's calculate the polar 
coordinates (r,@) of an arbitrary point A 
[5] on the involute curve. Note that BA curve. | (pitch point). \, 
and CP are tangent lines of the base 

circle, and F is a foot of perpendicular. 

____Since APF is an involute curve and 


A 
[7] Line of 
BCDEF is the base circle, by the definiti I\NLA acon 
is the Dase circle, yt e definition o4 


of involute curve, \ 7 P 
BA = BCDEF (1) Zak 
F [8] Common 


tangent of 


[2] Involute [6] Contact point P 


[5] An 
arbitrary 
point on the 
involute 
curve. > 


CP = CDEF (2) 


pitch circles. | 


In AOCP, 


f 


(3) B 


In AOBA, oA 


(4) 
Or, 


[9] Line of centers; the length 
OP is the pitch radius rp. / 


[3] Base circle. — 


[10] To calculate 9, we notice that 
DE = BCDEF — BCD — EF 
Dividing the equation with r, and using Eq. (1), 


r A A A 


If radian is used, then the above equation can be written as 
0 = (tang)- 6-86 
The last term 6 is the angle ZEOF, which can be calculated by dividing Eq. (2) with r,, 


CP _ CDEF 
Lr A 


,or tana =a+6,or 


D 


6 = (tana) — a (7) 


We'll show how to calculate polar coordinates (r,@) using Eqs. (3-7). The polar coordinates then can be easily 
transformed to rectangular coordinates, using O as origin and OP as y-axis, 


x =-rsin0@, y=rcos@ (8) | 
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Numerical Calculations of Coordinates 


[1 1] In our case, the pitch radius r=25 in, and pressure angle a = 20°; from Eqs. (3) and (7) respectively, 


r, = 2.5cos 20° = 2.349232 in 


m = 0.01490438 (rad) 


0 


8, = tan20° - = 


The table below lists the calculated coordinates. The values in the first column (r) are chosen such that, except the 
pitch point (r = 2.5 in), the intermediate points are at the quarter points between r, (r = 2.349232 in) andr (r = 2.75 in). 
Also note that, when using Eqs. (6) and (7), radians are used as the unit of angles; in the table below, however, degrees 


are used. # 
r ? ) x =-rsin@ y =rcos@ 
in. Eq. (5), degrees | Eq. (6), degrees in. in. 


49 


[4] Re-fit spline. # 
Create Missing Fit Points 


Delete New Fit Poimts 


2.5.3 Draw an Involute Curve 


ia 
[1] Launch Workbench. Create a Geometry system. 


Save the project as Gear. Start up DesignModeler. Cronbohiccee Cane) Paints 
Select Inch as the length unit. [2] The pitch point 
From the Draw toolbox, select the Construction — <= is on the Y-axis. / 


Point tool, draw 6 points on XY Plane and specify 
dimensions as shown (also see the table in 2.5.2[1 1]), 
where the vertical dimensions are measured from the X- 
axis and the horizontal dimensions are measured from the 
Y-axis. The pitch point [2] is coincident with the Y-axis. 

Connect these six points using the Spline tool in the 
Draw toolbox, leaving Flexible option on, finishing the 
spline with Open End. — 
XX 


[3] It is equally good that you draw the spline 2.747 
by using the Spline tool directly without 

first creating construction points. To do so, 

at the end of the Spline tool, select Open | 9 (2900 


End with Fit Points from the context 0.0687 


menu. After dimensioning each point, use the 
Spline Edit tool to edit the spline and 
select Re-fit Spline [4] from the context 
menu to smooth out the spline. 7 
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2.5.4 Draw Circles [4] The radius of the addendum 
circle is defined by clicking the 
outermost construction point. # 


[1] Using the Circle tool in the Draw 
toolbox, draw three circles as shown in 
[2-4]. Note that the radius of the addendum 
circle [4] is defined by clicking the 
outermost construction point. Specify radii 
for the shaft circle (1.25 in) and the 
dedendum circle (2.2 in). | 


[3] The dedendum 
circle. 7 


[2] The shaft 
circle. f 


2.5.9 Complete the Tooth Profile 


[|] Draw a line from the lowest construction 
point [2] to the dedendum circle [3], and make it 


eee 
perpendicular to the dedendum circle by using \ 
the Perpendicular tool in the Constraints \ 
toolbox [4]. When drawing the line, avoid a V ‘y 
auto-constraint (since this line is NOT vertical). \ 
Create a fillet of radius 0.1 inches as shown in 


DI] This completes the profile of a tooth. > ; 


[2] The lowest \ 
construction point. | 


[4] Make this line 


[6] Sometimes, turning off Display Plane may 
be helpful when working on the graphics 
window [7]. In this case, all the dimensions 


[5] Create a 
fillet of radius 
0.1 inches. <— 


referring to the plane axes disappear. | 


perpendicular to the 
dedendum circle. > 


Z 
[7] Turn off Display 

Plane to clear up the 
graphics window. # 


[3] The dedendum 
circle. \, 


@Seismicisolation 


Section 25 Spur Gears 101 


2.9.6 Replicate the Tooth Profile 


f 
[1] Select the Replicate tool, type 9 


(degrees) for r. Select the tooth profile (3 on " 
segments in total), End/Use Plane Origin / \ 
as Handle, Flip Horizontal, Rotate by / \ 
r,and Paste at Plane Origin [2]. End the 


[3] The pitch 
point. # 


Replicate tool by pressing ESC. [2] The replicated | \ 
Note that the gear has 20 teeth, each profile. > ‘ 
spanning 18 degrees. The angle between the ‘ 
two pitch points [3] is 9 degrees. > | 
a | 


2.5./ Replicate the Tooth 19 Times 


a 
[1] Click the Replicate tool again, 


type |8 (degrees) for r. Select both left 
and right profiles (6 segments in total), 
End/Use Plane Origin as 
Handle, Rotate by r, and Paste at 
Plane Origin. Repeat the last two 
steps (rotate and paste) until 
completing a full circle (20 teeth in 
total). # 


ee 
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2.5.8 Trim Away Unwanted Segments PL 


- 
[1] Trim away unwanted segments in 


PP 
3 
the addendum circle and the dedendum \ 
circle,as shown. # & 
ge fo 
———~o 
do 
Ln 
} 
FP 


2.5.9 Extrude to Create 3D Solid 


le 
ry Extrude the sketch |.0 inch to create a 3D solid. Save 
the project and exit from Workbench. We will resume this 
project in Section 3.4. | 

% A 


[2] It is equally good that you create a single tooth (a 3D 
solid body) and then duplicate it by using Create/ 
Pattern in the Modeling mode. In this exercise, 
however, we use Replicate in Sketching mode because 
our focus in this chapter is to practice sketching 
techniques. # 


References 


|. Deutschman,A. D., Michels, W. J.,and Wilson, C. E., Machine Design: Theory and Practice, Macmillan Publishing Co., Inc., 
1975; Chapter 10. Spur Gears. 
2. Zahavi, E., The Finite Element Method in Machine Design, Prentice-Hall, 1992; Chapter 9. Spur Gears. 
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Section 2.6 


Microgripper 


2.6.1 About the MicrogripperlRes |. 21 


[|] The microgripper is made of a rubber-like polymer material and actuated by a shape memory alloy (SMA) actuator 
[2-4]. The motion of the SMA is caused by temperature change, which is controlled by electric current. In the lab, the 
microgripper is tested by gripping a steel bead of a diameter of 30 micrometers [5]. 

In this section, we will create a solid model for the microgripper. The model will be used for simulation in Section 
|3.3 to assess the gripping forces on the bead with an actuation force of the SMA actuator. | 


si [2] Gripping | ya § | [3] Actuation 
direction. > | 4] direction. | 


D30 


Unit: um 
Thickness: 300 um 


[4] SMA 
| actuator. | 


[5] Steel 
bead. # 


480 
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2.6.2 Create Half of the Gripper 


ry Launch Workbench. Create a Geometry system. Save the 
project as Microgripper. Start up DesignModeler. Select 
Micrometer as the length unit. 

Draw a sketch on XYPlane as shown in [2]. Trim away unwanted 
segments [3]. Note that we drew only half of the model, due to the 
symmetry. Extrude the sketch 150 jum both sides symmetrically (the 
total depth is 300 tum) [4]. We now have a half of the gripper [5]. | 


1b ——* 


\0-—¥ 


—~J 
a | 
VEPPeerE COPE CECISCCEOCe CCC OCCeCerCrcrcrrrrrrrrrrr ir rrr rr rr rrr err Trt r rrr rrr rt er 
fA %. 
~~ T be 
ae 


— 
i} 


[2] Before 
é trimming. <— 


Lait . 2 4G , 


4U)U 


3] After 
sinedine | [5] A half of the 
7 gripper. # 


[4] Extrude the 
sketch both sides 
symmetrically. > 
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2.6.3 Mirror Copy the Solid Body 


Create Concept Tools Units ¥ua 
>. New Plane 


(& Extrude 

ota Revolve 

&, Sweep 

& Skin/Loft 
[& ThinSurface 


@ Fixed Radius Blend 
©. Variable Radius Blend 
<= Vertex Blend 

® Chamfer 


Re] Pattern 
ph Body Operation 


Body Transformation 


4 ff Move 


_ 

[3] Click this yellow area 

to bring up the Apply/ 
Cancel buttons. | 


a 
q 


| Bodies iF 


[2] In the graphics 
window, select the solid 
i body and click Apply. 7 
ae eee aa 


me Bool o> Translate 
i Slice cal Rotate 
Delete > Pq 
@ Point [4] In Tree Outline, 


Primitives 


select YZPlane and click 
Apply. 
[|] Pull-down-select Create/ \ PPI ) 
Body Transformation/ 
Mirror. 7 
Nee 


[5] Click 
Generate. # 
Z 
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2.6.4 Create the Bead 
[2] Select 
i hg XYPlane. — 


[1] Create a new sketch on XYPlane as shown in [2-3] 
and draw a semicircle as shown in [4-7]. Revolve the sketch 
360° about the Y-axis to create the bead [8]. Note that the 
two bodies are treated as two parts [9]. Rename the two 
bodies as Gripper and Bead respectively [10]. > 
\ 


a 
[3] Click New 
Sketch. / 


fe FE) /\@) A: Geometry: 
[4] The semicircle can be - : Ely >= XYPlane 
created by creating a full : [7] Impose a Tangent : y ce! Sketch1 
circle and then trimming it | Bemetnamat between the , vy cl Sketch? 
using the axis. | semicircle andthe | = = ve Beene 
slopingline. “ | _— vate YzPlane 
= IR Extrude! 
( : ca) Sketch! 
[5] Close the sketch by ? PA Minorl 
drawing a vertical line. \, \ El) @@ Revolvel 
\ \ 23) Sketch2 
y \ ep 2 Parts, 2 Badies 
[8] Revolve the sketch :" fi to Gripper\ 
about the Y-axis to create \ v\@ Bead 


a sphere. | 


‘ \ 
\ nnn. 
! [6] Specify the radius [10] Right-click to rename 


——EEE (15 um). T each body like this. / 
Ga Revolve a y, —_—$< et 


yr ~a 


[9] The two bodies 
are treated as two 
parts (see [10]). 7 


, 
Wrap Up 

[11] Close DesignModeler, save the project and exit 
Workbench. We will resume this project in Section 13.3. # 

\ y, 


References 
|. Chang,R.J.,Lin ,Y.C., Shiu, C. C., and Hsieh, Y.T., “Development of SMA-Actuated Microgripper in Micro Assembly 


Applications,” IECON, IEEE, Taiwan, 2007. 
2. Shih, P.W., Applications of SMA on Driving Micro-gripper, MS Thesis, NCKU, ME, Taiwan, 2005. 
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Section 2.7 


Review 


2.7.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Auto Constraints 8. ( __) Object 

2. ( — ) Branch 9. ( ) Paste Handle 
3. (—_) Constraint Status l0.( ~—-+) Sketching Mode 
4. (_) Context Menu ll.( +) Sketching Plane 
5. (  ) Edge I2.( -) Sketch 

6. ( — ) Modeling Mode 13.( —_-) Selection Filter 
7. (_ ) Model Tree 

Answers: 


Ll(j) 2(G) 3(M) 4 (1) 5 (D) 6(B) 7(F) & (H) 
9(L) 10(A) IN(C) I2(E ) 13.(K ) 


List of Descriptions 


(A) An environment under DesignModeler; its function is to draw sketches on a plane. 
(B ) An environment under DesignModeler; its function is to create 3D or 2D bodies. 


(CC) The plane on which a sketch is created. Each sketch must be associated with a plane; each plane may have 
multiple sketches on it. Usage of planes is not limited for storing sketches. 


(D) In Sketching mode, it may be a (straight) line or a curve. A curve may be a circle, ellipse, arc, or spline. 
( E ) It consists of points and edges. Dimensions and constraints may be imposed on these entities. 
(F ) It is the structured representation of a geometry and displayed on Tree Outline in DesignModeler. It 


consists of features and a part branch; their order is important. The parts are the only objects exported to 
Mechanical. 
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(G) An object of a model tree and consists of one or more objects under itself. 

(H) A leaf or branch of a model tree. 

(| ) The menu that pops up when you right-click your mouse. The contents of the menu depend on what you click. 
(J ) While drawing in Sketching mode, by default, DesignModeler attempts to detect the user's intentions and tries 
to automatically impose constraints on points or edges. Detection is performed over entities on the active plane, not 
just active sketch. It can be switched on/off in the Constraints toolbox. 

(K_) It filters one type of geometric entity. When it is turned on/off, the corresponding type of entity becomes 
selectable/unselectable. In Sketching mode, there are two selection filters, namely points and edges filters. Along with 


these two filters, face and body selection filters are available in Modeling mode. 


(L ) Areference point used in a copy/paste operation. The point is defined during copying and will coincide with a 
specified location when pasting. 


(M) In Sketching mode, entities are color coded to indicate their constraint status: greenish-blue for under- 
constrained; blue and black for well constrained (i.e., fixed in the space); red for over-constrained; gray for inconsistent. 


2./.2 Additional Workbench Exercises 


Create Geometric Models with Your Own Way 


After so many exercises, you should be able to figure out many alternative ways of creating the geometric models in this 
chapter. Try to re-create the models in this chapter using your own way. 
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Chapter 3 


2D Simulations 


All the real-world bodies are 3D bodies; there are no such things as 2D bodies. Some problems, however, can be 
simplified and simulated in a 2D space. As an example, consider an axisymmetric body subject to axisymmetric loads, in 
which all the particles with the same radial and axial coordinates (R and Y) share the same behaviors regardless of their 
tangential coordinate @). Thus, we can eliminate the tangential coordinate and reduce the problem to a 2D (in R-Y 
space) problem. Other 2D cases include plane stress problems and plane strain problems, which will be defined in Section 
3.3. 

Reducing a problem to 2D has many advantages over a 3D approach, and you should always do it whenever possible. 
These advantages include (a) simpler to build the geometry, (b) better mesh quality, (c) less computing time, (d) easier 
display and analysis of the results. In short, the simulation model becomes smaller and easier to handle. If the problem's 
nature is indeed 2D, it would not introduce inaccuracy for the solution. 


Purpose of This Chapter 


Since 2D simulations are usually easier to handle than 3D simulations, we start the learning of simulations by conducting 
2D static structural simulations in this chapter, using some of the mechanical parts that we created in Chapter 2. This 
chapter also serves as a preliminary to 3D simulations, since most of the techniques and concepts in this chapter can be 
used in 3D simulations. 


About Each Section 


Sections 3.1 and 3.2 guide the students to perform a 2D simulation in a step-by-step fashion. Section 3.3 looks into 
more details and tries to provide what we are not able to cover in the first two sections. Section 3.4 provides an 
additional exercise. Problems in Sections 3.2 and 3.4 involve contact nonlinearities. In-depth discussion of contact 
nonlinearities will be postponed until Chapter | 3. We introduce nonlinearities so early in this chapter to build 
motivation for learning nonlinear simulations in Chapters 13 and 14. Using a filleted bar subject to tension, Section 3.5 
introduces some must-know concepts in finite element simulations, namely stress discontinuity, structural error, finite 
elements convergence, stress concentration, and stress singularity. 
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D: 2D Symmetric Model 


Equvelent Stress 
Type Equivalent (von-Mises) Stress 
Unt: MPa 
| G Time 1 
57.164 Max 


52 916 
48 668 
44 421 
40173 
35 925 


Triangular Plate 


18.934 Min 


3.1.1 About the Triangular Plate 


[1] In this section, we will perform a 2D static structural simulation using the 
triangular plate created in Section 2.2. The plate is made of steel and used to 
withstand a tensile force of 20,000 N on each of its three side faces. The size of 
the side faces is 40x10 mm?; therefore, the applied tensile stress on the side faces is 
50 MPa. The objective is to investigate the stresses in the plate. 

We will model the problem as a 2D plane stress problem. Definition of the 


plane stress is given in 3.3.1, page 140; for now, what you need to know is that a 
thin plate subject to in-plane forces can be modeled as a plane stress problem. 

There are two planes of symmetry in the model. In the first part of this 
section, we will analyze the full model without using the symmetries and then, in 
the second part of this section, reanalyze it by using the symmetries. # 


3.1.2 Resume the Project Triplate 


7 Update 
f . ; 9 E 2 Duplicate 
& Triplate - Workbench [3] Right-click the 
a ae aia @6=s«étitle and select 
Project Duplicate. JS Delete 
\ 

t [@) Refresh Project # Updauerrogctg_ Ac] pItracr Rename 
masts. X Propertes 
| Add Note 


, 
[1] Launch [2] Open the project | 2 @ Geomery VY , , 
Workbench. — Triplate, which was Beas D Geometry 
ee saved in Section 2.2. 7 | | 
\, [6] Double-click this cell 


# 
uid Flow (Polyflow) to open the geometric 


(3) Harmonic Acoustics = 2 
. AD Geometry model. DesignModeler 

[4] Double-click the 2 @ Geometry is brought forth. 

name and change to 2D Geometry (Remember that the 

3D Geometry. — modeler is created with 
\ y, \ DesignModeler.) # 

“LE Modal Acoustics 

i sabiipeabsabsatid [5] Double-click the ———— 

Response Spectrum name and change to 

Ee Rigutibyramics ‘| 2D Geometry. — 

[Fo ewan customize» MO 

@ Ready FES job Monitor... © Show Progress ©) Show 0 Messages 


as 
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3.1.3 Delete the 3D Body and Create a 2D Body 


G® 8: 2D Geometry - DesignModeler 
File Create Concept Tools Units View Help 
jHada & Select 
MM Ke A> Ae Av Ao A 

abe 
BiExtude MyRevobe Sweep & Skin/loft 


@ Point BD Conversion 


xy Plane Sketch! 


2 h- fh mw StTQQQHQQRM AG £2 


~ 29 = YGenerate QPShare Topology FF)Parameters 


BThinfSuace QBlend + Q&Chamfer BDSlice 


BladeEditor. G@importBGD QifloadBGD f/-\LoadNOF  SRFlowPath A Blade gM Splitter sfVistaTFExpor “\ExportPoints miStagefluidZone gi SectorCut jag Throativea 
¢ 


rE GA 8: 20 Geometry 
+) yt. X¥Plane 
vit. DPlane 
gin YZPlane 


¥ 14 
JOB 1 Part \, Edit Selections 
Insert 


$+ 


is] Suppress 
[) Suppress & All Below 


~ Show Dependencies 


‘Sketching Modeling 
= | Generate (F5) 


Details View 

pnt ihe - 

= Details of Extrude? o> Rename (F2) 
Fytr 
extrude Insert BladeEditor Feature 
Geometry onevery 


Add Matenal 


Operation 


Direction Vector None (Normal) 


Direction Normal 
Extent Type Fixed 
FD1, Depth (>0) 10mm 
As Thin/Surface? No 
Merge Topology? | Yes 
=| Geometry Selection: 1 
Sketch Sketch1 
Mod 
@ Ready 
[6] Click 
Generate. | 
QM B: 2D Geometry - DesignModeler 
File Create Concept Tools Units View Help 
Std id & Select: Why FT = % Qi 
~ Be AY Vd A, AY AHA log 
XYPlane ~ he Sketch? ~ * | @ Share Topology Fe) Parameters 


WiExtrude ABRevolve & Sweep  Skin/Lo 


{Surface @Blend ~ @&Chamfer @Slice 


[1] Right-click —EEE ae | 


Extrudel and 
select Delete. 
Answer Yes. | 


if 


A 


Concept Tools Units View 

“olny  —. 
3 Li [2] Pull-down-select 

y i»| Concept/Surfaces From 
WA 3D Sketches. / 


so Ad 8) it sx se 


i, 


Millimeter Degres 0 0 


o 
rc File Create Concept Tools Units View Help 
ct Detach | Refresh Input 


_~ Load DesignModeler Database... (Ctlt+ 0) 


@ Point BH) Conversion lad Save Project (Ctrlt 8) 
BladeEditor FMimpotBGD P2ficadBGD Kp\LoadNDF | BFrliowPath gM Blade gM Splitter oAVistaTF Expo M\ExporPoints m@StageFluidzZone aff Sectorcut We The Export... 
, * v ¢ — 
| 
Tree Outline a. (@) Attach to Active CAD Geometry 


- ye B: 2D Geometry 


oe [3] Select 
sks SketchI. | 


ye SurfaceSk! 
+ /@ | Part, 1 Body 


Sketching Modeling [ 


Details View 
= Details of SurfaceSkt 


Surface From Sketches 


SurfaceSk1 


[4] And click 


Base Objects 1 Sketch 
Operation Add Maternal Apply. | 
Onent with Plane Normal? | Yes 


Thickness (> =0 


[5] We could type 10 (mm) here for the 
Thickness, but we decide to specify the 

thickness later in Mechanical (3.1 .5[9], page 

113). Leave it unchanged (0 mm) for now. 7 


[7] A surface body is created on 
XY Plane. The surface body will be 
treated as a 2D solid body (specified 


@ Import Extemal Geometry File... 
& Import Shaft Geometry... 


[8] Close 
DesignModeler. # 


bal Auto-save N 
Restore Auto-save File 


ow 


Clos Destiny 


uMfodeler 


in 3.1.4[4-6], next page). 7 
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3.1.4 Create Analysis System and Specify Analysis Type 


& Triplate - Workbench _ oO x 
Fie Vew Tools Units Extensions Jobs Help 


De te) pProject 
i) Import... | <p Reconnect [iq] Refresh Project * Update Project | SB ACT Start Page 


& Analysis Systems \A 
(@ Design Assessment 

Eigenvalue Buckling 

Electric i Geometry 
Explicit Dynamics 2 @ Geometry 
Fluid Flow - Blow Molding (Polyflo 


[2] Drag the 
Geometry cell of 2D 
Geometry... — 


- 


3D Geomeby 


[3] And drop to the 
Geometry cell of Static 
Structural. A link with a 

Square end is created, 
meaning that the data are 


[1] In Toolbox, under 
Analysis Systems, 
double-click Static 


Structural to create | 0 “=se - 
an analysis system. > ore a. SHARED between the two 
y 5 @& Seno ?, cells. | 
: — | 6 @ Sekiton ?, / 
Random Vibration \ 
G9) Response Spectrum \ AO Penis Lar 
tat Rigid Dynamics Static Structural O° 
Li Static Acoustics P . 
[Static stuctural C) [4] Right-click 
Geometry and select 


[9 Steady-State Thermal 
@) Thermal-Electric 

GJ Topology Optimization 
iJ Transient Structural 
@* Transient Thermal 


Properties. | 


Turbomachinery Fluid Flow 
© Component Systems ly 


een SO 


4 @ Mode! | Edit Geometry in DesignModeler... 


TY View Al / Customize... 2D Geometry 


Double-click component to edit. 


5 @ Sen | Gi) Edit Geometry in SpaceCiaim.... 
Ce eee | 
fe % 6 @ Solution Replace Geometry > 
[6] Click to close 7 @ Results a Duvicate 
Transfer Data From New > 


Properties. | 


Transfer Data To New . 


Update Upstream Components 


Refresh 


| Add Note 


[5] Select 2D for Analysis Type, which 
(default to 3D) must be set before the 
geometry is exported to Mechanical. It 
cannot be changed after the geometry is 
brought to Mechanical (i.e., after the 
steps 3.1.5[1-2], next page). \ 


Analysis Type 


[7] For a 2D simulation, always set Analysis Type to 2D before the geometry is brought to Mechanical. If you 


make a mistake (entering Mechanical without setting the property), the only way to change Analysis Type is to 
clear up the entire database in Mechanical. To do so, quit Mechanical, right-click the Model cell, and select 
Reset from the context menu, as exemplified in 9.2.2[1], page 346. # 
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3.1.5 Start Up Mechanical and Set Up Geometry 


hd A _——. 
: TN [8] Select Surface 
2 Ej ceometry YY | [1] Double-click the Body. / 
7 
Deca Model cell to start up 
Mechanical. | 
\ 
Name Y Vv. 
Bh Project* 
v B wv = §B Model (C4) 
1m Geometry 1 Al ne O 
HY TY Materials 
2 i Geometry vA I~] 2 A Engineering Data SS i sik ‘Coordinate Systems 
2D Geometry 3 EE) ceometry o 3 ¢@® Mesh 
: =|-9{Zj Static Structural (C5) 
f 4 @ Mode od 4 vB Analysis Setbngs 
[5] By default, a Ruler is displayed in 5 @ Setup 7. a7 be teas ” 
the bottom of the Graphics Window. 6 @& Solution ? . 
To turn off the ruler, click the Display 7 @ Resuits 2, Data of Surfoce Body" —fox 
tab and select Show/Ruler. ——— Bt Geaphice Praperties 
Throughout this book, we leave the ruler ee =| Definition 
off (also see 2.1.4[2], page 61). \, Suppressed No 
\ 3? i Stiffness Behavior Flexible 
[7] Click Zoom Coordinate System Default Coordinate System 
. Reference Temperature | By Environment 
a | js Conket to Fit. f aT 5 
| File | Home Geometry Display Selection Automation Thickness Mode Manus? 
sometic > @ Previous & Rota ~Sx tr fotate -Sx ff Pan Up § PanDown Random & o x Treatment 


<S>Rotate «Sy <>Rotate -Sy Pan Left =@PanRight —>Rescale = Maternal 


@ views Angle 10 © Rotate +Sz © Rotate -Sx QZoomin QZoomOut GW Preference 


—_ = 7 ae "7 Assignment Structural Steel 
Cree Annotation Nonline ects Yes 
Outline ~§o~x QQ Of < 3 Or Qq Select "% Mode~ Fegha & The’ _of Strain Effects Yes 
Name * Ve Sunding Box 
9 Project* Properties 
7 S pee [3] Select [7] Type 10 (mm) for Statistics 
v 
3) JS Materials Geometry. | Thickness (also see CAD Attributes 
eee hea iesaee 3.1.3[5], page II 1). - DMSheetThickness 
gS Mesh NX 
=} 9 [3] Static Structural (C5) = = 


v HX Analysis Settings | . 
=| 78) Solution (C6) [4] Make sure 2D Behavior | ™~ 


«5 soluvon Informaton 
is set to Plane Stress; this is 
the default 2D behavior. The 
Details of "Geometry ~4Ox term "plane stress" will be 
yy oa explained in 3.3.1, page 140. 7 


- 


[10] Also note that 
the material 
assignment is 
Structural 


a eee Steel. This is the 
Length Unit eee Si default material. # 


Element Contral | Program Controlled ~~ 
20 Behavior Plane Stress 


Display Style Body Color 
Bounding Box 

Properties 

Statistics 

Update Options 

Basic Geometry Options 
Advanced Geometry Options 


+ bt ff) hf lhl OLS 


Geometry Worksheet 


CETTE A 


i 


[2] A Mechanical GUI shows up. 
For the first-time use, click the [6] Click here and select mm- 
Geometry tab if it is hidden. { LC kg-N-s unit system. | , 
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3.1.6 Generate Mesh 


i \ 
[2] And select Generate 
Name ” VW « Mesh. L 
Bl Project* 
=} (BH Model (c4) \ A 
= sea Geometry 
3 Surface Body 
+f Materials \ ian > 


Hy 2% Coordinate Systems 


eS) o——___ [I] Right-click Mesh... — 
=| 9f0} Static Structural (C5) 
wy :it| Analysis Settings Pd 


=| 2% Solution (C6) 
¢ 65) Solution Information 


Generate Mesh 


Preview 4 
show > 
Fetaile of "Mesh ~a0~x <2 Create Pinch Controls 
= Display 
> 
Display Style Use Geometry Setting Expott... 
=| Defaults / | Clear Generated Data 
Physics Preference Mechanical IR 
ain name 
Element Order Program Controiled : 2) 
Element Size Default (14.747 mm (J Group All Similer Children 
+ Sizing 
+ Quality Start Recording 
+ Inflation 
+ 


Batch Connections 


| 


[3] Expand Statistics to see the 
total numbers of nodes and 
elements. Your numbers may be 
slightly different from mine. \, 


[4] This is the mesh generated with the default 
mesh settings. In general, the finer the mesh, the 
more accurate the calculated solution. For now, 
we use this mesh to obtain a solution. 
Remember, your mesh may be slightly different 
from mine. In 3.1.14 (pages 123-124), we'll show 
you a way to increase the mesh density. | 


The steps in this subsection can be skipped. 


[5] When you issue Solve (3.1.8[3], page | 16), Workbench automatically generates a mesh if one does not exist, as 


demonstrated in 3.1.12 (page 121). However, it is a good practice to preview the mesh before clicking Solve. We 
often mesh the model with default settings first, and then adjust mesh controls to improve the mesh. # 
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Section 3.1 Triangular Plate 115 


y 


[|] Make sure nothing is selected in the 
Graphics Window. Right-click 


Static Structural and select 
Insert/Pressure. See [2] for 
, SIVOENE way to insert a Pressure. / 


om —Eeeeeee 
[3] Hold down the Filter: Nome : 
Control key and select Hl Project 
the three side edges. | I~ Gi Model (ca) 
¥ =| Sp Geometry 


x & Surface Body 
#)-yakk Coordinate Systems 


ee 


y 


@ Force 


@ Fixed be oe 
: A B 


*% @, Moment Frictionless 
Loads ;— Supports Conditions Direct 
@. Pressure @ Displacement cE. 


Structural 


[2] Another way to insert a Pressure is to 
select Environment/Structural/ 
Pressure from the toolbars. In ANSYS, the 
toolbars are called the ribbon. [ 


[4] And click 
Letails of “Pressure” 


@! Acceleration 


JD Mesh @j Standard Earth Gravi 
)» 9 a : 
2 @, Roitonal Yebeity || 
/f,) Analyss Settings | 
=)--9i@] Solution (C6) Solve (F5) @., Rotational Acceleratio 
(4) Solution inf 
en _ | Clear Generated Data a 
De ab Rename (F2) GH. Hydrostatic Pressure 
ar Ss (| Group All Similar Children B, Fore 
lex Fhysios Type Stutml = — ar %, Remote Force 
XK | Analysis Type Static Stucty —¥ Open Solver Files Directory @ Bearing Load 
Lh 7 Solvex Tezget Mechanica] APDL : > " ; 
> ww, Bolt Pretension 
- Optoas 
eG Eivioaceat Sarpenstas [az C @, Moment 
ria es Generate Input Only No @y Thermal Condition 
co >) Joint Load 


Bo Fixed Support 

CD Displacement 

wey Remote Displacement 

w, Frictonless Support 

@ Compression Only Support 
@ Cylindrical Support 

So) Elastre Support 

a Constramt Equation 

a Nonlinear Adaptive Region 
1, Nodal Onentation 

(1, Nodal Force 

(Nodal Pressure 


(1 Nodal Displacement 
(2. EM Transducer 


xe Motion Loads... 


Commands 


Context Menu versus Toolbar Menu 


[5] Type -50 (MPa) for 
Magnitude. A positive 


[6] Use of context menus [I] is instinctive: you select an object, 
right-click to open its context menu and choose a tool that 
operates on that object. Many frequently used tools are also 


available on the toolbars. Selecting a tool from the toolbars is 
usually more convenient than from a context menu. For example, 
with Static Structural highlighted, selecting Environment/ 


pressure pushes toward the body, 
while a negative pressure pulls 
away from the body. > 


model tree. # 
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Structural/Pressure [2] lets you insert a Pressure in the 
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3.1.8 Solve the Model 


| | (PF ¥ Context C: Statice Structural - Mechanical [ANSYS Academic Teaching Introductory} -_ | x 
File | Ho Environment Display Selection Automation ~ @O 
O ag Econmands ince | | Geo | pe om =| eg 1B PO fe 

am... Gicomment [JiSection Plane \ @. Moment a Frictionless " - nas 
nalysis A inertial Loads Supports Conditions Direct Wate Input Views 
Q ar ii Chart fs} Annotation 7 _  & Pressure “PP @ Displacement ry FE . File a i 
Outline Insert Structural Toosb 
Outline “FOX QQ Ole & HO- + QQ QA Select RMode- FID EE BES BY P Mclipboard- : 
Name bd 
‘ Project* 
El HR Model (C4) 


4 Geometry 
A Materials 
H-_ Kk Coordinate Systems 


SB Mesh 
& / Gi) Static Structural (C5) [1] Select Analysis 
y Hil Analysis Settings ° 
=) Je Solution (C6) Sa Ss -_ hee 1 


{2} Solution Information 


he 


=| Step Controls 
Number Of Steps 1 


[2] Turn on Weak 
Current Step Number [1 Springs (see [7]). | 


Auto Time Stepping | Program Controlled 
=) Solver Controls 


[5] Double-click to see the details of the warning 
message; it says, "One or more bodies may be 
underconstrained and experiencing rigid body 

motion. Weak springs have been added to attain a 


Solver Type Program Controlled 
. " . “i 5 

[Weak Springs id solution.” Click OK to dismiss the message. | 
Spring Stiffness Program Contralled 

Solver Prvot Checking | Program Controlled 

Large Deflection Off Messages -~ 30 Tabular Data 

Inertia Relief Off __| Text —< = _ “A | Steps | End Time [s} | 

#| Rotordynamics Controls Warninc| One or more bodies may be underconstrained and experiencing ngid bc 1)\\ | 


| < ‘, . 
=| Restart Controls Info The default Error Limit for Mechanical Physics Preference has chanaed tc * | 


+ Nonlinear Controls 

+ Advanced 

+ Output Controls 

+ Analysis Data Management 
+ Visibility 


[6] Click to close the 
message window. /“ 


< > 
Graph Messages 


[4] After solving the problem, some warning 
es a are sent to you. Click Messages. { 


About Weak Springs 


[7] If a structure does not have enough supports, the structure is unstable and any non-zero external forces would 
cause the structure to move indefinitely; the motion is called a rigid body motion. An unstable structure still can achieve 
static equilibrium (unstable equilibrium) if the resultant external force is zero. This is what happens in our case. 

Traditionally, in a static structural analysis, whenever a finite element program detects an unstable structure, it stops 
and reports an error message. This has been practiced for decades, even if the resultant external force is zero. Due to 
the nature of floating-point numerical processing in a digital computer, the external forces rarely sum up to zero. There 
is usually a small residual force left when summing up the forces. In other words, an unstable structure will undergo 
rigid body motion even if the resultant external force is theoretically zero. 

In aWorkbench’'s static structural analysis, if Weak Springs is turned on [2], weak springs will be added to an 
unstable structure, so it can withstand small external forces. They are called weak springs because the spring 
constants are small and negligible. With weak springs, rigid body motions are small but still perceivable in an 
unstable structure even when the external force is zero. 

Anyway, it is a good practice to provide enough supports. In our case, you might set up a fixed support on one of 
the side faces and apply pressure of -50 MPa on the other two faces. That way, all deformations reported are relative 
to the fixed edge. A better way to model this case is to use the symmetry conditions of the structure. We will present 
the procedure in the second part of this section, starting from 3.I.11. # 
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3.1.9 Insert Result Objects 


J@ Tota! -Y Fveluate All Results ice 
Strain > 
| Clear Generated Data Stress y | 
al Rename (F2) Energy > @ Maximum Principal 
Foie , % Minimum Principal 
r-) Project ~*~" Solver Files Diectory x _ @, Maximum Sheer 
= (i) Model (C4) alae Sha Contact Tool > ® Intensity 
=| SB Geometry Bolt Tool . ean 
x By Surface Body = 1+ = 
+)-ya Coordinate Systems ar oa Vector Principal 
te 
= User Defined Result — 
42) -_ Structural (C5) @. sex Defined Re aca 
“a Analyss Settings BE Co : wares 
Pressure 
3. Solution (C6) 


3.1.10 View the Results 


o) Project 


=) gi) Model (C4) 


+) Ap Geometry 
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P 
[1] Make sure nothing is selected 


+ "> Coordinate Systems 


AGB Mesh 


= + YS] Static Structural (C5) 


Wa Analysis Settings 


m Pressure 


= “gi Solution (C6 
Ty soluton 


[2] Right-click Solution again 
and select Insert/Stress/ 


Equivalent (von-Mises). | 


\ 
() Project “ 
= Medel (C4) 
ARB Geometry 
yah, Coordinate 
8B Mesh 


&)_{5] Static Structural (C5) 
vf) Analysis Settings 
Je. Pressure 


#] Solut 


[I] Highlight 


Hu Solution Information 
Total Deformation 
es Equivalent Stress 


ystems 


Insert » Stress Tool 


C: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 1 


Total Deformation 


that your results are slightly different 
from mine. > 


JAS ree (C6) 


to view the deformations. It is possible anaes : 


1) Solution Information| 


¥. .} total Deformation 


Aa Equivalent Stre 


oo 


=——__—“5 


[3] Two result objects are 
inserted to the project tree, 
under the Solution branch. 7 


/ | Clear Generated Data 
al Rename (F2) 


_] Group All Similar Children 


_4 Open Solver Files Directory 
E&Y Worksheet: Result Summary 


0.021066 Max 
0.01875 
0.016433 
0.014116 
0.011799 
0.0094822 
0.0071653 
0.0048485 
0.0025316 
0.00021477 Min 
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Ni 


User Defined Result 
Commands 


in the Graphics Window. 
Right-click Solution in the model 


tree and select Insert/ 


Deformation/Total. / 


Stress Tool 
Deformation 
Strain 

Stress 

Energy 
Lineanzed Stress 


Fatigue 
Contact Tool 
Bolt Tool 
Probe 


Coordinate Systems 


Solve 


[4] Click Solution/Solve 
(which is the same tool as that 


in 3.1.8[3], last page). This is to 


evaluate the result objects. # 


Ma ————EEE 


[2] Since the structure is not fully 
supported, the results include a 
small rigid body motion. That is 
why the displacement contour is 
not symmetric. Also note that your 
numerical results may be slightly 


different from mine. all 
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[4] While the displacement contour 
({2], last page) is not symmetric, the 
stress contour is symmetric, since 
the rigid body motions have no 
effects on stresses. Remember, your 
numerical results may be slightly 
different from mine. | 


A@| Solution (C6) 
Ad) Salution Information C: Static Structural 


Equivalent Stress 
ei Total Deformation Type: Equivalent (von-Mises) Stress 
Equivalent Stress 


Unit: MPa 
Time: 1 


51447 Max 
47.863 
44.279 
40.695 
37.111 
33.527 
29.943 
26.359 
22.775 
19.191 Min 


[3] Highlight Equivalent 
Stress to view the 
equivalent stresses. It is 
possible that your results are 
slightly different from those 
displayed here. > 


Symmetry of the Response 


[6] While the stress contour [4] is symmetric, you may wonder why the 
displacement contour ([2], last page) is not symmetric. Theoretically, the 
displacements should be symmetric. However, because the structure is not 
fully supported, the results include a small rigid body motion, due to the [5] Select File/ 
nature of floating-point numerical processing. That is why the displacement Close Mechanical 
contour is not symmetric [2]. A way to avoid this kind of numerical problem from the ribbon. <— 

; 7 \ P 
is to use symmetry conditions, as demonstrated below. # 


SIMULATION OF SYMMETRIC MODEL 


3.1.11 Modify the Geometry 


\ 


[1] Right-click here and 
select Duplicate. | 


v B 


: 


& ANSYS Workbench 


2 a Geometry v a~_] 2 @ Engineering Data v ¥ Update Should upstream connections from the rest of the project be 
= ? 
2D Geometry 3 @ Geometry VY 5 = _ kept for created systems: 
4 @ Model i [a Dupicate | 
5 ee Setup y, Replace With > 
6 wy aalivtion Y Clear Generated Data 
7 @ Resul J | heen 
ts 
3b i 3 . ‘ 
Ey — [2] Click No. With this, the Geometry 
Properties of the new system can be modified without 
Add Note 


affecting the previous one. | | 
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v B ¥ C v D 
2 @i) Geometry VY I~ _| 2 @ Engineering Data ee Geomecy ite 2 @ Engineering Data 7 5 
2D Geometry 3 @p) Geometry ¥ 5 new system. | 3 (oN) Geometry Qwv, 
4 @ Model 7 4 @ Mocel f 
5 R= Setup A “ 
6 EI Solution ° F 
7 @ Results y 4 


2D Symmetric Model 


5 ve Setup SA » 
6 | @&@ Solution a. [3] Double-click and 
7|@ Resuits F change the name of the 
~ old system to 2D Full 
2D Full Model Model. | 
[10] Click 


Generate. \, 


[4] Double-click and change the 


Tools Units View Help 
name of the new system to 2D - 


@ D: 2D Symmetric Model - Desh, Nodeler 


File Create Concept Tools Units vw Help ° ([) Freeze 

an <> h fe Symmetric Model. { | inane 
MWe fe fe Ae A A > 
ZXFlane > > o J Generate |@PShare Topology [F#]Parameters . Le negame 
Bi Extrude de Revolve @& Sweep @ Skin/LOg @t Surface @Blend ~ Q&Chamfer QpSlice 2 oe 


@ Point B) Conversion 


BladeEditor G@importBGD fz}Load BGD Load NDF | S¥FlowPath gf Blade 


Aa vr 


Ss 
tageFluidZon 4 
[12] This is the Z-axis of © 


Tree Outline + : E Split 
5) GI D: 20 Symmetric M the plane of symmetry. / F7] Fece Sp 
Pe an Pe [8] Select Sper 
o . se ZXPlane. i, BB Surface Extension 
Ws c mmetn ie Sup 
+ /® 1 Pa o 
=4 | [7] Pull-down-select 
= Tools/ 
| BB Symmetry. — , 
Sketching Modeling | @ Projection a aT ean || 
| 8) Conversion 
= = of Symmetry! ia Weld 
pci Te a 
Apply. | 
PP y f removed. t sas Tools > 
5 
¥ 3] Parameters 


Electronics > 


Model Type Full Model 
Target Bodies All Bodies 
Export Symmetry | Yes 


& Upgrade Feature Version... 


[6] In DesignModeler, click the 
Z-axis to rotate the view so that 
you look at XY-plane. 7 


a ) w Options... 


\ 


About Coordinate Systems 


[13] There is a unique global coordinate system; its three axes are shown in the bottom-right corner of the graphics 
window [6]. Workbench uses R, G, and B colors to represent X-,Y-,and Z-axis respectively: red arrow for X-axis, green 
arrow for Y-axis, and blue arrow for Z-axis. In this book, we use upper-case (X,Y, Z) for both global and local 
coordinate systems, to be consistent with the notations used in Workbench. 


Each plane has its own local coordinate system, using the same color codes. Let's take ZXPlane as an example 
[12]. Its local XY-plane coincides with global ZX-plane, and the local Z-axis points upward. When we specify a plane as 
the plane of symmetry, the plane's local XY-plane is used to cut away the portion of the model on the local negative-Z 
side. The portion of the model on the local positive-Z side remains [I 1]. 

The triangular plate has another plane of symmetry. None of the default planes can be used as the plane of 
symmetry; we need to create one. This plane can be derived from rotating ZXPlane by 60 degrees. | | 
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' ne 


Gh) D: 2D Symmetric Model - De [ | 4] Click New - ; ; 
File Create Concept Tools Plane. | 

ei il & Ane StQQQMQQRMW ASe £2 
My My X- 


PH Point BH Conversion 


BladeEditor: GWimport BGD ge}load BGD 


Tree Outline 
=| A D: 2D Symmetric Model 

$f. X¥Plane 
vat DPlane 
wat. YZPlane 

$y SurfaceSk1 
dh Symmetry? 
wit. Planed 


BSrlowPath pf blade wf Splitter ofVistaTFExport “ ExportPoints M™@StageFluidZone g&SectorCut ye Throatérea 


” 


wf 


[17] Click 
Generate. — 
K J 


[18] A plane (Plane4) 
is created, and this is its 
local Z-axis. | 


+) 1 Part, 1 Body 
[15] By default, the last active 
ey | plane (ZXPlane) becomes 
a the Base Plane. | 
= Details of Pianea 
Plane Planed 
Sketches 0 
Type From Plane 
Base Plane zxPlane C) 
= Boa : 60° 
aoa io = 7-aisl —= 
Flip X¥-Awes? 
@ Ready 


“4 
Rotate about Global Z e 


[16] Select Rotate about Global Z 
(near the bottom of the list) for 
Transform I. Type 60 (degrees) for 
Value I and select Yes for Reverse 

Normal/Z-Axis?. \. 


L-. 


Tools Units View Help 


—— 


Gh Named Selection 


@ Atnibute 
GH D: 2D Symmetric Model - DesignModeler sad = a “ 
File Create Concept Tools Units View Help ® : a 
td i & Select * Sr | fH \QQHQQOE MH AG@e #9 aa 
Be We As As Ae Ao A [22] Click at 
Plane4 > > o3 dh, 
Generate. | =p 


BRextude @eRevolve & Sweep & Shir/LoX 


@ Point FH Conversion 
BladeEditor @@imponBGD 2}Load BGD 


Tree Outline 9 


- ei D; 2D Symmetric Model 


«>| Load NDF 


‘/Surface 


y 


SFlowPath gf Blade gf Splitter 2 VistaTFExport 
a 


Surface Extension 


oly 


ExportPoints @BStageFluidZone gM SectorCe 


A Aa 


[19] Pull-down-select 
Tools/Symmetry. — 


Graphics 


+) va xX¥Plane 
ya DPlane 
wate ¥ZPlane 

+}-y@ SurfaceSk! 


[23] The portion of the model to the 
local negative-Z side is removed. 


~ ———————— 
@ Projection 
5. Conversion 


Pal 


Sketching MM 


Details View 
=| Details of Syrmmetry2 


fi] Weld 


Repair > 
[20] Select the newly 
created plane (Plane4). | Analysis Tools > 
« * — em Form N 
‘ = r4| Parameters 
7k = 
: ain Electronics » 
[21] Click 
Apply. i}  Upzrade Feature Version... 
# Options... 
__—.: 
No Selection Millimeter Degre: 0 
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File Create Concept Tools Units View Help 
2] Refresh Input 

v_| Start Over (Ctrl+ N) 

3 Load DesignModeler Database... (Ctrlt+ O) 
tw] Save Project (Ctrlt $) 

| Export... 

(@) Attach to Active CAD Geometry 

@) Import External Geometry File... 

> Import Shaft Geometry... 


S, Write Script: Sketch(es) of Active Plane 
}. Run Script... 
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2 Ot EngineeringData ~“ , 
3 Gi) Geometry 


5 t=) Setup 
6 es Solution 
7 yp Results 


[24] Pull-down-select 
File/Close 
DesignModeler. — 


[25] Double-click Model (of 
the 2D Symmetric 


ba Auto-save Now 
Restore Auto-save File 


2D Symmetric Model Model) to start up 
Mechanical. Answer Yes 


\ to update the geometry. | 


Do | need to close DesignModeler when working on Mechanical, or vice versa? 


[26] When starting up, Mechanical automatically updates the geometry, including adding symmetry conditions on the 
model. | strongly suggest that the newcomers close one application while switching to another. That way, the update 
will be automatic; you won't mess up the work flow. 


However, you don't have to close an application when switching to another application, but you have to "refresh" it 
by yourself. In Project Schematic you can right-click Model (of an analysis system) and select Update 
Upstream Component. Inside Mechanical you can right-click Geometry (of the project tree) and select 
Update Geometry from Source. Until you become an experienced user, | suggest that you always keep only one 
application open at a time to make life simpler. # 


3.1.12 Solve the New Model 


i 


[2] Click Model/ 
Solve. # 


[1] After importing the 
new geometry, many 
objects have 
"thunderbolts,” 
indicating that the data 
are not up-to-date and 
need to be re- 


calculated. { 


is | i] = Content D: 2D Symmetric Model - Mechanical [ANSYS Academic Teaching Introductory] -_ ) 5a 
Fite | Home Model Display Selection Automation AB Oo 
EAB SNared Selection (Bimages - 7 ap 
7 . <n) so Ut * > ® 
f Cicamment fi Section Plane , 
Analysis _ A Connections Cross Virtual Construction Define Mesh Results 
t @, Remote Point jay Chart fi} Annotation Sections~ Topology Geometry- : 2 s 
Outline Sonver, Insert Prepare 

~80xX QQ [Ble S % CF QQ QA Seer Mode FIARARERDRR . 


Model 


B-ytk Coordnate Systems 
| Je Symmetry 


eB Mesh 
— {% Named Selectons 
S 9 Ej Static Structural (D5) 
v Hl Analysis Settings 
J@. Pressure 
= 9%} Solution (D6) 
#63) Solution Information 
¢%® Total Deformation 
y@® Equivalent Stress 


Details of "Model (D4)” 78O~x 
= Lighting 
Ambient | 0.1 


Diffuse (0.6 


[3] Ignore the 
warning message. # 


Specular | 1 


Color 


= Filter Options 
Control | Enabled 
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3.1.13 View the Results 


D: 2D Symmetric Model 
Total Deformation 
Type: Total Deformation 
Unit: mm 


Time: 1 
= J@l Solution {D6} 0.018403 Max 
Ail Solution Information 0.016566 
HT etal Deformation 0.014729 
ASB Equivalent Stress 0.012891 
0.011054 
= 0.00921 68 
/ 0.0073796 
0.0055424 
[|] Select Total 5 ase, 


0.0018679 Min 


Deformation. | 
% 


D: 2D Symmetric Model 
Equivalent Stress 
Type: Equivalent (von-Mises) Stress 
P Unit: MPa 
-_{§) Solution (D6) Time: 1 
Solution Information 52.483 Max 
AGM Total Deformation 48.761 
we BEquivalent Stress 45.039 
41.318 
37.596 
33.874 
30.153 
- 26.431 
[2] Select Equivalent 39.709 
Stress. | 18.988 Min 


Ni ——— ee 


Check Environment Conditions after Modifying Geometry 


[3] In this case, you don't need to do anything before solving the new model. In most other cases, however, whenever 
you modify your geometry, you may need to redefine the environment conditions (supports, loads, etc.). As a good 
practice, always check your environment conditions each time you modify the geometry before solving it. 


Why Different Numerical Results? 


Your numerical results may be slightly different from mine. This is one of the characteristics of the finite element 
methods: different meshes end up with different results. In general, the finer the mesh, the more accurate the results. 
The question is how fine should a mesh be, to achieve enough accuracy? We will start to discuss this must-know 
concept in Section 3.5. The discussion will be extended to 3D cases in Section 9.3. 

Some students may be puzzled about why they obtained a mesh different from the one in the book even though 
they followed EXACTLY the same steps as those in the book. The answer is that the students have no way to follow 
EXACTLY the same steps in the book. For example, a line in the book may be drawn from right to left while you drew 
it from left to right. It is possible that the direction of the line affects the meshing algorithm in the Workbench. 

Limited differences in numerical values are normal, particularly when the mesh is coarse. As the mesh becomes 
finer, the solution will converge to a theoretical value, independent of mesh variations. This kind of puzzle would 
disappear. # 
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3.1.14 Improve Solution Accuracy 


\ 
‘Bi Project a Highlight Mesh. > 
=| \@l Model (D4) y 
+) A&P Geometry d, ) __—— 
+ 7s Coordinate sy Aems 
+ vale Symme tr YY 
JO EE o 
+) Oi Named Selections 
=) A=] Static Structural (D5) 
a Analysis Settings 
J, Pressure 
=| | Solution (D6) 
yas, 
/2] Solution Information 
J Total Deformation 
JB Equivalent Stress 


NG 


fs 


[3] The maximum element size determined 
by Workbench is about 6 mm (your 
number may be slightly different from 
mine). This parameter can be used to 
control the global fineness of the mesh. | 


-| Display 


Display Style Use Geometry Setting 
Defaults 


Physics Preference Mechanical 


Element Order Program Controlled 
Element Size | Default (6.0127 mm: 
+) Sizing 


+) Quality 


Inflation 


+ 


[4] Expand Statistics and 
examine the mesh counts. They 
are much fewer than those in 


Batch Connections 
Advanced 


+ 


+ 


Nodes 


Elements 63 
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3.1.6[3] (page | 14), meaning that it 
uses less computing resource. 7 


Section 3.1 Triangular Plate 123 


[2] This is mesh we used 
to obtain the solution in 
3.1.13, last page. / 


[5] Change Element 
Size to | mm. | 


—+ 


Display 

Display Style Use Geomet! / Setting 

Defaults 

Physics Preference Mechanical 

Element Order Program Corjtrolled 
Element Size | 1.0mm 

Sizing 

Quality 

inflation 


Batch Connections 


Advanced 

Statistics 
Nodes 7142 [7] The mesh 
Elements 2307 O counts. { 


[6] From the ribbon, select 
Mesh/Generate. [{ 


[8] The mesh is much finer 
than that before. J 
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[9] Click Solve to solve 
the model. Ignore the 
warning message. <— 


Tz. 
[10] Select Total 
Deformation. The 
displacements are almost 
the same as those in 
3.1.13[1] (page 122). The 
implication is that, for 
displacement solution, the 


D: 2D Symmetric Model 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 1 


0.018403 Max 


0.014729 


; 0.012801 
mesh shown in [2] is as 0.011054 
adequate as that in [8]. | 0.009217 
\ ) 0.0073798 
0.0055426 
0.0037053 


0.0018681 Min 


—_______§s. 
[Il 1] Select Equivalent 
Stress. The stresses are 


D: 2D Symmetric Model 
Equivalent Stress 
Type: Equivalent (von-Mises) Stress 


quite different from those of 
in 3.1.13[2] (page 122). | 
The implication is that, for 


stress solution, the mesh 
shown in [2] is not as 
adequate as that in [8]. | 


48.668 

44 421 
40.173 
35.925 
31.677 
27.43 
23.182 
18.934 Min 


Accuracy of Solution 


[12] Here, we've demonstrated an important behavior of finite element simulations: the finer the mesh, the more 
accurate the calculated solution. The big question is: how fine is adequate? There is no easy answer for this question. 
A comprehensive way to assure an adequate mesh is to conduct a "convergence study," demonstrated in PART C of 
Section 3.5 (pages 161-163). 

Another important concept is that the element sizes usually need not be uniform; an example is shown in 3.2.8[18], 
page 135. We usually require finer mesh at an area in which the change of stress is more dramatic, i.e., at an area that 
has larger stress gradient. Of course, you need lots of engineering experiences to cultivate a sense of "stress gradient." 
In the next section, we will demonstrate the mesh control at local areas. | 


Wrap Up 


[13] Close Mechanical (select File/Close Mechanical). Save the project and exit Workbench. # 
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fe) C: Static Structural 
Totel Deformaton 
Type Totel Deformaton 
Unit mm 
Tine 1 
0.0056957 Max 
0 0051005 


Threaded Bolt-and-Nut a 


3.2.1 About the Threaded Bolt-and-Nut 


[|] The threaded bolt created in Section 2.4 is a portion of a bolt-nut- 
plate assembly [2-5]. The bolt is preloaded with a tension of 10 kN, 
which is applied by tightening the nut with torque. We want to know 
the maximum stress at the threads under such a pretension. 

Pretension is a built-in environment condition in Workbench 3D 
simulations, in which a pretension can be applied to a body or 
cylindrical surface. It is, however, not applicable for 2D simulations. 

In this section, we will make some simplifications for a 2D 
simulation. Assuming a mirror-symmetry between the upper half and —_ 
the lower half (which is not exactly true), we model only the upper - ; ———~- 
part of the assembly [6-8]. To reduce the problem size further and Re _— ~— 
alleviate contact nonlinearity, the plate is not included and its contact 
with the nut is modeled with a frictionless support [9]. 

The pretension is modeled using a uniform force applied on the 
lower face of the bolt [8]. The results will somewhat deviate from the 
reality, to be discussed at the end of this section, but the deviation has 
little effect on the stresses of the threads. 

Assume that the coefficient of friction between the bolt and the 
nut is 0.3. 77 


[5] Section 
view. 


[6] The 2D simulation 
model. <— 


[7] Axis of 
symmetry. | 


The plane of symmetry 


[9] Frictionless | 


support. # 


[8] Plane of symmetry. f 
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3.2.2 Open the Project Threads 


A Threads - Workbench 


ee aaaoa>) 
Units Extensions Jobs Help [3] Right-click-select 
Project Duplicate. Ny 


t |Z] Refresh Project ¥ Upda 


PMS Project Schematic 


=) lysis Systems A 
/ J ent 
‘ 
[2] Open the Geometry @ 
project Threads, en 2 @) Geomery VY | 
. 6 in é 
17 Launch which was saved in |.) pane 3D Bolt [4] Double-click and change 
[ ] aunc sion (Polyflow) 
Workbench. <$ Section 2.4. 7 the name to 3D Bolt. / 
K ) ZA 
J Fluid Fiow (Polyflow) 
i) Harmonic Acoustics = B 
Harmonic Response ; > 
peewee ram er acand [6] Double-click to start 
@ Hydrodynamic Response 2 @) Geometry : 
3 IC Engine (Fluent) 2D Bolt-and-Nut Up DesignModeler. # 
24 IC Engine (Forte) wo 
Magnetostatic 
@B Modal LL 
i) Modal Acoustics / s\ 
GB Random vibration [5] Change the name to 
tw Response Spectrum é 
SP Ricid'byaanics .| 2D Bolt-and-Nut. / 
[ < ~ 
| Y View All { Customize... 
@ Ready FE® job Monitor... =) Show Progress ©) Show 0 Messages 
$$. 
3.2.3 Delete the 3D Body and Create a 2D Body (16] Click Look At 
to rotate the view. 
a This is used as a 2D 
[I] Right-click solid body. # 
=, |] B: 2D Bolt-and-Nut Revolvel and 
Shy» X¥Plane delete it. | 
ye ZEPlane " 
ye ¥ZPlane 


bP evolve 7 SurteceSk! — 
+) Mp 1 Part, 1 Body NOB 0 Parts, 0 Bodies [3] Select 
Sketchl... | 
=a > / 
a 


(=]| Details of SurfaceSki 
| Sudace From Sketches 
Bese Objects 
Operation 
Oaent With Plane Normel? 
Thickness (>=0) 


Concept Tools Umts View |] 


%~e Lines From Points 
£3) Lines From Sketches 
= 

\A, 3D Curve 


/ 
[4] And click 
Apply. | 


[2] Pull-down- 

select Concept/ 

Surfaces From 
Sketches. 7 


Fi) Surfaces From Sketches @ 


Cross Section p } Generate Generate. 7 
ef 
“a  “~H 
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3.2.4 Create a 2D Body for the Nut 


[1] Click New 


‘ [2] Sketch2 is created on Sketch. — 


XY Plane and becomes active. / 


<<" 
[4] Switch to Modeling 


Pom ooo mode, right-click SketchI 
and select Hide Sketch. 


[3] Switch to the Sketching Click Sketch2 to make it 
mode. Draw a polyline active. / 
connecting these 6 points. \ i 
Make sure a P appears before | & /(@j B:2D Bolt-and-Nut 


you click a point. Note that =| of. X¥Plane 
both SketchI and Sketch2 ; 
are on XYPlane and we are 
working on Sketch2 now. — 
\ ns +) 3) SurfaceSkl 


09 Look at 


+) MH 1 Part, 1 Bods =a, Show Dependencies 
a Ss X Delete 
i . [5] Click Display 3 Genemte (F5) 


alb Rename (F2) 


Model to turn off 


[8] And trim away | the model display. / 


this segment. | 


a 19 
[6] Switch to the Sketching a 
mode. Draw an arc like this o7ssSs$s$Sjpj]?[[@ttttcc oT" 
——_ . using the Are by 3 Points [10] Select the Replicate tool, 
[7] Trim away this tool. Before the third click to select all four segments, and set the 
segment. | define the radius, make sure a T Paste Handle at this point. 
A (tangent) appears, indicating that Remember to use the selection 
we the arc is tangent to a line. <— |__ filter (2.2.8[7-8], page 74). | 
a \ Ps 


a 
re 
ie [9] This sketch 


represents one thread 
of the nut. Now, we 

want to replicate it 7 

times. 7 


[| 1] And paste at 
this point. _ | 
A 
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[12] After pasting 7 times, trim 
away the arc at the top. | 


[13] Complete the sketch by adding 


PS; lines (and trimming if necessary) like 
iq this. Specify a horizontal dimension 
me (17 mm from the Y-axis). | 
ee Concept Tools Units View . : 
[ *~e Lines From Points 
a Pea) Lines From Sketches 
Ut [) Lines From Edges 
a WA 3D Curve 
he “< Split Edges 
e @ Surfoces From Edges [14] Pull-down-select ; 
a P| Surfaces From Sketches @ Concept /Surfaces j 
fd @ Surfaces From Faces From Sketches. / 
is i Detach 
3 Cross Section > 
[ “=a wep pecccasccccssocccsecs FRU nn see nescnescnesccecccssacesssecscacesscssecenenss 


[19] The newly generated 
body has different color from 
the existing body. The meaning 
of Add Frozen [17] is 
explained in [21], next page. | 


[15] Select 
Sketch2. | 


£3 SurtaceSk1 
£@ SurteceSk2 


EE) | B: 2D Bolt-and-Nut 
Mm 1 Part, 1 Body Vl 


A) >. XYPlane 
yd) Sketchl 
vcd) Sketch2 

~) me ZX Plane 

~Y aR YZPlane 

- @ SurfaceSkl 

- yg) SurtaceSk2 

» a 2Fas 


Cele) egg 


[20] Rename to Bolt and 
Nut, respectively. Right-click 
Sketch! and select Show 
Sketch. Close 
DesignModeler. | | 


[17] Select Add Frozen 
for Operation. 7 
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Add Material versus Add Frozen 


[21] With Add Material operation, the created material adds to the existing body and they become an integral part. 


On the other hand, if you choose Add Frozen ([| 7], last page), the created material does not add to the existing one; 
it becomes another part. This is what we intend: the bolt and nut are separate parts; they are not bonded to each 
other. In Workbench, each part is meshed independently. # 


3.2.5 Create an Analysis System 


& Threads - Workbench = 0 x 


Fle Wew Too Units Extensions Jobs Help 


Oe Wai Project 


i) Imocrt... Reconnect |g) Refresh Project ¥ Update Project | $m ACT Start Page 
T ale a am, Project Schematic = - ~ @ xX 
a Analysis Systems A 
“ Design Assessment 
Eigenvalue Buckling ¥ A 
secre a 
Explicit Dynamics ; 
2 Gy Geometry v4 
Fluid Flow - Blow Molding (Polyflo = = [2] Drag Geometry... \ 


Fluid Flow - Extrusion (Polyfiow) 3D Bolt 
Fluid Flow (CFX) 

J Fluid Flow (Fluent) 

Fluid Flow (Polyflow) 

(3 Harmonic Acoustics = 
Harmonic Response 

@ Hydrodynamic Diffraction 
@ Hydrodynamic Response 


[3] And drop to the Geometry of 

ae Static Structural. A link is 
created. The two systems now 

share the same Geometry. Note 


2 @ Engineering Data 


\ 


fag: IC Engine (Fluent) 2D Bolt-and-Nut a3 Gi) Geometry 


metho tie 4 @ Mode that you can edit the upstream 

ee ye su Geometry cell but not the 
odal Acoustics 6 @j Solution 

GD Random vibration Be ia 3 downstream Geometry cell. | 

@ rk Spectr =e \ 

@ a at a Static Structural 

GJ Static Acoustics 


[EH Static structural =O 
€§ Steady-State Thermal 
Thermai-Electric 

€3 Topology Optimization 
7 Transient Structural 


Transient Thermal [1] Double-click Static 


© Turbomachinery Fluid Flow Structural. i} 
1 Component Systems v \ y, 


| VT View All / Customize... 


«4 Double-cick component to edit. FEN 30b Monitor... | Show Progress (©) Show 0 Messages a 


ee 


[4] Right-click 
Geometry and select 
Properties from the 

context menu. Set 
Analysis Type to 2D 
(3.1.4[5-6], page 112). / 


v B 


1 se Geometry 


». 


2D Bolt-and-Nut 3 GH Geometry Ww Edit Geometry in DesignModeler... 
4 @ Model a : 
= Replace Geometry » 
5 Sex ? 4 
— — | 4 Duplicate 
6 “J Solution ? 4 Transfer Data From New U 
= Transfer Data To New » 
i) Results Ss 4 
Static Structural 
[5] Double-click to start — 
up Mechanical. # |__ Provertes 
| Quick Heip 
Add Note 
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3.2.6 Set Up Geometry in Mechanical 


- —— 
| A Context C: Statec Structural - Mechanical [ANSYS Academic Teaching Introductory) - A Xx 


| Fite | Home Geometry Display Selection Automation “~a@& @O 


L] 7 ‘ —— i 7s Pa\ Ly Ww a7 @ 
[2] Highlight 


: dw Chart BB Annotation eaten . siaeas 
0 Geometry. il Insert Geometry Mass = Modity Virtual 
T.0 ie) ie 2 A Select *Moce- [FIP RARE T EY? ¥ 
Name ° ve 
Bh Project* ‘ 
BB rote [4] Make sure the material 
“meat for both Bolt and Nut is 
feo © Structural Steel 
ia (3.1.5[8, 10], page 113). # 
o@ Mesh 
=} yf} Static Structural (C5) \ 


wil Analysis Sethngs 
5 9% Solution (C6) 
263 Soluton Informabon 


[1] Make sure the unit system 


Details of “Geometry” ~9O0*x i oF 

2 Definfon is mm-kg-N-s. If it is not, 
Source CAUsers\ASUS\Documents\A.. . 
— — select the correct unit system 


Length Unit Meters 
Element Control Program Controlled 
Aaisym metric Ra 
Display Styte Body Calor 
+ Bounding Box 


+ Properties 
+ Statishes SN 
+ Update Options [3] Select Axisymmetric 


+ Basic Geometry Options 


v Advanced Geometry Op} = for 2D) Behavior. | 


(3.1.5[6], page 113). \ 


Tr de fs py) Bi Deo, ratte Clee 
3.2.7 Set Up Contact Region 
[1] Highlight Contact Region. When 
Mechanical starts up, it automatically 
ak pare 5 eee" detects contacts between parts and ce 
ay = a reates contact regions. In this case,a | 
(0 x % ® [Commands [images C g <9 ‘ 
Bil .. Clcomment fisectio Contact Region is created. | 
Duplicate GQ = Salve —s Analysis Pt Chart BB Anno 
Outline Solvers : Insert 
CE 20 Ole 4 0+ + QQ QA Select RMode- | Contact Body View ~#ox 
Bry - aot Contact Re 
eS Model (C4) 
- Bcc 
. “s ee ntact Region (Target Bodies) 
Hy 2k Coordinate Systems 
Eyl} Connections 
&-/@ Contacts 
wh 
Mesh 
E) 7 [fj Static Structural (C5) . . 
les arti [2] A contact region always involves ’ 
/ soureninfomston | a Contact Body and a Target nx 
—_ 7 Body. To facilitate the selection, 
Details of "Contact Region” ~9¥@O0% . r tew ’ 
= pe - | two Body Views are created to aa aes 
a Lr ceneys| the right of the graphics area. | | 
Contact 23 Edges 


Target 123 Edges 
Contact Bodies 
Target Bodies 
Shell Thickness Effect No 
Protected “No 
= Definition 
Type Bonded : 
Scope Mode ‘Automatic | e 
Behavior - “Program Con... x fi: 
Trim Contact Program Con... x 
Trim Tolerance 9.0588e-002 v 
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[4] By physics judgement, we 


[3] Details of Watt : observe that, under the ST as Bese . 
“Contact Region" Project" pretension, only lower faces 
shows that 23 edges of ee of the bolt threads will —_ Bodies 
the bolt are detected 7B Materiais contact with the upper faces f8edies 


+ 
}-y 2k Coordinate Systems 
=f} Connections 
= Ja Contacts 
ve 
¢&B Mesh 

=) 2) Static Structural (C 
/ HAL Analysis Settings 

=| 7%} Solution (C6) 


of the nut threads. To reduce 
computing time, we usually 

keep contact areas minimal. 
We'll reselect the Contact 

and Target edges. / 


and treated as Contact 
and 23 edges of the nut 
are detected and treated 
as Target. We'll 
remove some edges that 
won't contact, to save 
computing time. —> 


Details of “Contact Region 
=| Scope 


Scoping Method 


r 
Contact 


23 Edges 


Target 23 Edges 


Contact Bodies 


Target Bodies 


Shell Thickness Effect 
[5] We also want to ——— : 
change Type from — 

Bonded to Frictional fe 

(13.1.8, page 476). > x 


Trim Contact 


o 9O 


Trim Tolerance 9.0588e-002 mm 


[6] We will change Behavior to Symmetric, [= 
meaning that the contact and target are treated 
{G] Project symmetrically, so we don't need to decide 
3 3 ane (C4) which one is contact and which one is target 
+ Geometry 
+ wok Coordinate Systems 
= eB Connections 
=) @ Contacts 
yb Frictional - Bolt To Nut 
/%D Mesh [8] The name automatically changes to 


=e] Static Structural (C5) reflect the contact type. | 
/f,) Analysis Settings 
=|.) Solution (C6) 
40 Solution Information 


(13.1.9, page 477). / 


Details of "Frictional - Bolt To Nut” 


se a [7] Select Frictional for Type. { 
Contact 
Target 
contact Bodies 


Target Bodies 
= . Se 


Shell Thickness Effect 


[9] Type 0.3 for Friction Coefficient. | 


Protected 


=| Definition 


- 


a 
ype Frictional 


Friction Coefficient 0.3 


Scope Mode Automatic 
Behavior Symmetric O [10] Select Symmetric for Behavior. | 
Trim Contact Program Controlled 
Trim Tolerance 9.0588e-002 mm 
Suppressed No 
=| Advanced [| 1] Select Augmented Lagrange for 
Formulation Augmented Lagrange Formulation. It is recommended for frictional or 


frictionless contacts (13.1.10, pages 477-478). _ | 
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Conta:t Bod ¥ View 


Select "x Mode~ —T 


[12] From the Graphics Toolbar, 
click the Edge filter. > 


[13] In the Contact 
Body View (remember 
that the bolt is the 

Contact Body), ees 
control-select these lower [7 /) 
edges of bolt-thread, 8 
edges in total. You may 


fl O 


[14] Click to bring up Apply/ enlarge the view to 
Cancel buttons and then click facilitate the selection. <— 
Apply. This redefines the 8 

edges as Contact. \, 


Details of “Frictional - Bolt To Nut” 


Target Body View 


[15] In the Target 
Body View (remember 


fr that the nut is the 
[16] Click to bring up Apply/ | | Target Body), control- 
Cancel buttons and then click select all the upper edges 

Apply. This redefines the 8 of the nut-thread, 8 


edges as Target. _| edges in total. < 


@Seismicisolation 


Section 32 Threaded Bolt-and-Nut 133 


Contact Elements 


[17] During mesh generation (3.2.8, this page), Workbench creates contact elements between the contact edges and 
the target edges. Contact elements are used to prevent a contact body from penetrating into a target body. Therefore, 


you should set up contact regions wherever contacts may occur. As long as the behavior is Symmetric ([10], page 
131), you may choose any one as contact body and the other as target body. PART B of Chapter |3 discusses contacts 
in detail (pages 476-479). # 


3.2.8 G te Mesh ? 
enerate Mes Ry 

VL > 
oe 


tae 


/ \ 


ele 
ss 


—* rr 
ee Le 
a 


ee. 


A a 


‘| Project 

= Model (C4) 
+ Jf Geometry 
2 gel * Coordinate Systems 
+ J® Connections 

BiseMesh Sis Sia : 
=|-(2) Static Structural (C5) ; aT T+ foul 
x0 


Wa Analysis Settings . ‘> 
=)-y{@] Solution (C6) Ort} 


Z{4)] Solution Information ire sae is 
eee TX 


’ 
‘ : + 
ef . a" 
aa ee ¥ “VY tS 
Ste 
—— ale 


[1] Highlight Mesh. | 


oh 
3 
x) 


— 
— ae 
a 


| 
* 
ae yl 


"oe 


— [4] The mesh needs to 
be improved. First, finer 

i mesh is usually needed 
-——— -____. on contacting edges. | 


[2] From the toolbars, select 
Mesh/Generate. — 


pe _.## 


[3] Note that two parts 
are meshed 
independently; they 
don't share nodes on 
the boundary. \ 


mae 


Se 


a 


ia 


[5] Second, areas near 
fillets usually have 
concentrated stresses 
and need finer mesh. ail 
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a Project* f ‘ 
5 @j Model (c4) [6] Right-click Nut and 
© & Geometry select Hide Body. | 


aoe —* 


Aa Materials 


3) 
+) > 1 Coordinate Systems 
+} 
eS 


[7] Right-click 
Mesh and select 
Insert/Sizing. \, 


}~ 8B Connections 
eB Mesh OC 


wi a 
&)--y(Q] Static Structural (C5) 
VL Analysis Settings 
)~-v{@] Solution (C6) 
ed} Solution Information 


Details of “Edge Sizing” - Sizing 
=| Scope [9] Click to bring up 


sith Tee coe Selection Apply /Cancel 
‘= : buttons and click 
Suppressed No Apply. | 
Type Element Size \ 
a_i [8] Control-select the lower 
uch = \ edges and the fillets of the 
Growth Rate | Default (1.2) [10] Type 0.1 (mm) for upper 8 threads, |6 edges in 
Capture Curvature | No Element Size. | total. You may need to use 
Capture Proximity | No = / Edge filter. <— 
Bias Type No Bias 


a 
[1 1] Right-click Bolt and select 
Project* Hide Body. Right-click Nut 
= and select Show Body. | 


= JS (wes 


oo om Coor ' . 
&}— 9D Connections [12] Right-click 
=}~-y(@ Mesh Mesh and select 
/®. Edge Sizing Insert/Sizing. \, 
Rigg Ede Sizing 2 
&)-y(Q) Static Structural (C5) — 
¥f£,\ Analysis Settings 
E}~-vi@] Solution (C6) 
49) Solution Information 
Details of “Edge Sizing 2” - Sizing a 
=! Scope ————— 
Scoping Method | Geometry Selection . 
Geometry 15 Edges [14] Click [13] Control-select all 
=| Definition | Apply. | the upper edges and 
auppmesed we Be all the fillets, 15 edges 
Type Element Size in total. <— 
Element Size =| 0.1 mm \ 
=| Advanced 
Behavior Soft 


[15] Type 0.1 (mm) for 
Element Size. \ 


Growth Rate Default (1.2) 
Capture Curvature | No 
Capture Proximity No 
Bias Type No Bias 


of 
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[17] With Mesh selected, 
click Mesh/Generate. / 


Z| 
LL 


Lf 


f_S 


oF 


AY. 


zy 


ex, 


Sy 


AR 


[18] Remember 
that, in general, the 
solution is more 
accurate when the 
mesh is finer. # 


iL 


y, 6™ 


Pe: 


wy 


[1] Right-click 
Static Structural 
and select Insert/ 
Force. \, 


‘| Project 

=| |B] Model (C4) 

DB Geometry 

yok. Coordinate Systems 

J) Connections 

Jee Mesh 

AS] Static Structural (C5) 
Wa Analysis Settings 
Je. Force 

- Gal Solution (C6) 
Ag Solution Information 


fe 
[3] Click 
Apply. | 


De lf) Rl 


Details of “Force” 


[4] Select 
ponents 


ci Com 
for Define By. | 


[5] Type -10000 (N) for |* 
Y Component. — 
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[2] Select this 
edge. <— 


How is the force distributed? 


[6] Specifying a force of 10,000 N on the bottom edge of 
the axisymmetric 2D model means that the force is 
distributed evenly on the face created by revolving the 
edge 360°. In this case, it has exactly the same effect if 


you specify a (negative) pressure of 


10000 
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3.2.10 Specify Supports 


utlir q 
“(Gi Project ra 
a ee [1] Right-click Static 
+ v y 
#1 2k Coordinate Systems Structural and select Insert/ 
+) 4 Connections Frictionless Support. \ 
+ JS Mesh 


AC) Static Structural (C5) 
wa Analysis Settings 
JB, Force 
/®, Frictioniess Support 

=|] Solution (C6) 
gd Solution Information 


Deteils of 
= Scope 
Scoping Method | Geometry Selection 


“Frictionless Support: 7 


Apply Cancel 
[| Definition i 
Type Factionless Support 
Suppressed No [4] Click Apply. | 


* 


Boundary Conditions for the Axis of Symmetry 


[3] And control- 
select this edge. 
This is the axis of 
symmetry. <— 


\ 


[2] Select this 
edge... <— 


[5] Since any point on an axis of symmetry (here, Y-axis) does not move in the radial-direction (X-direction), you must 
specify a zero X-displacement condition or, equivalently, a frictionless support on the axis of symmetry [3]. Some FEA 
software can automatically take care of this boundary condition; however, as a good practice, always explicitly specify 
this boundary condition. If you leave it as a free boundary, the axis may become a small cylindrical "hole" after 


deformation. # 


3.2.1 | Solve the Model 


/ * 


[1] Right-click Solution and select 
Insert/Deformation/Total, 
Insert/Stress/Equivalent 
(von-Mises), and select Insert/ 
Stress/Normal three times. | 


‘| Project 
=| {| Model (C4) 

+ JA Geometry 
yas Coordinate Syster 
J Connections 
/€D Mesh 7 


Tl) i 


Je. Force 
JA, Frictionless mar 2 
Jl a. 
¥\¥] Solution Information [2] Select Normal | 
@% Total Deformation Stress 2. 7 
ee 


AGB Equivalent Stress 
J&B Normal Stress 
fa Normal Stress 2 © 
£@ Normal Stress 3 O 


é 


, 
[4] Select Normal 
Stress 3. — 


7 
a 
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Details of "Normal Stress 2” 


[3] Select Y Axis 
for Orientation. 
In an axisymmetric 
case, this is called the 
axial direction. / 


Geometry Selection 
All Bodies 


Coordinate System a Coordinate System 


4 > 
[5] Select Z Axis for 
Orientation. In an 

axisymmetric case, this 

is called the hoop 
direction (or tangential 
direction). | | 


Section 32 Threaded Bolt-and-Nut 137 


Nonlinear Simulations 


[7] Due to the contact status, as the loads increase, the 


‘| Model (C4) 
+) ARM Geometry structure's stiffness also changes. The simulation is no 
re] { i ’ | i 
Piigaien Counce Spokes longer linear. Workbench will solve the model using 
+} AB) Connections . : Saf. i . 
8B Mesh nonlinear solution methods. We will discuss nonlinear 
=| [=] Static Structural (C5) solution methods in Chapters 13-14. For now, to gain a 
ZX Analysi ; . : . 
a salina feeling of nonlinear solution, let's watch how the solution 
¥ « 
JP, Frictionless Support proceeds [8- | 6]. L 


=|--y\ga] Solution (C6) 
¢(§) Solution Information 
/@% Total Deformation 

Equivalent Stress 


nn. 


| [6] Rename (by right-click- 
a ig selecting Rename) these 3 
(MB Hoop Stress result objects like this. 7 


oO i]s Context Static Structural - Mechanical [ANSYS Academic Teaching Introductory] - | x 
| File | Home Solution Information Display Selection Automation 
, (@ images ~ .— gy B= a) 
a % \ Aad : Cicomment FB Secte=o= ® ice = | - Le a [ | 4] The ii 
Q \ Solve /aalysis rom curve is the 
~ [3] The cyan 
Stee | oho | [13] The cy [15] A green line unbalanced force. < 
Outline [10] Click Solve. curve is the indicates the 
Name J | convergence completion of a 
Bh Project* | beep 
a my criteria. > substep (see [16]). | 
2B Geometr 
i ob ae [8] Select Solution —e— For onvergence ———ie—— Force Crite 
v* 


: * 
» YS cmeel Information. | 706.36 
B—/SB Mesh 
BUR static # 276.48 
YH] Analysis Settings 
eB Fora 109.79 
/® Frictioniess Support 43.286 
= : 
” Solution Information — 17.066 
/® Total Deformation } 
J® Equivaient Stress & 6.7283 


/® Radial Stress 
Je Anal Stress 
/% Hoop Stress 


=| Solution Information 


Newton-Raphson Residuals 0 
identify Element Violations 0 
Update interval 255 
Display Points All 

-) FF Connecti 1 ] 
aaa [11] Ignore the 
Display [9] Select Force 


warning messages. > 


Draw Con 


Convergence for 
Solution Output. { 


Line Colo 


Visible on 


Line Thick _Aeometry Worksheet 


[12] In my computer, it takes 8 
iterations to complete the solution. 


Nonlinear Solution Method: Force Convergence 
[16] In this case, Workbench divides the load (10,000 N) into 4 substeps [15] (i.e., increasing 2,500 N each substep). 


The cyan curve is the convergence criteria [13] and the magenta curve is the "unbalanced" force [14]. A substep 
converges when the unbalanced force is less than the criterion [13-15]. PART A of Chapter |3 (pages 469-475) will 
discuss the details. # 
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3.2.12 View the Results 


C: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 1 


0.0056957 Max 
0.0051 005 
0.0045053 
0.0039101 
0.0033149 
0.0027197 
0.0021245 
0.0015293 
0.000934 11 
0.00033892 Min 


7 
[!] Highlight Total 
Deformation. \, 


C: Static Structural 

Equivelent Stress 

Type: Equivalent (von-Mises) Stress 
Unit: MPa 

Time: 1 


209.15 Max 


[2] The deformation at the bottom 
edge is not realistic (see [6], next 


23.979 page), due to the simplified loading. — 


0.83316 Min 


[4] The maximum 
stress occurs here. | 
[3] Highlight 
Equivalent Stress. — 
S&B 


2D Models Must Be in XY PlanelRef !] 


[5] ANSYS requires that, for a 2D problem (i.e., plane-stress, plane-strain, or axisymmetric problems), the 2D geometric 
model MUST lie in the global XY plane. Besides, for an axisymmetric problem, the global Y-axis MUST be the axis of 


symmetry and the model MUST be placed on the +X side. 
A surface body created in DesignModeler is called a "2D solid body" if it is used in Mechanical for a 2D 
simulation, in which 2D solid elements (1.3.3[6-8], page 38) are used. _ | 
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Modeling Considerations 


[6] The bottom edge ([2], last page) is actually a plane of symmetry; it must remain horizontal and must have no vertical 
displacements. This plane of symmetry might have been modeled as a frictionless support; however, a frictionless 
support cannot have an out-of-plane force acting on it. With this dilemma, we choose to apply a force, and expect an 
unrealistic deformation at the plane of symmetry [2]. Since we are only concerned about the stress at the threads, and 
the region of influence of this faulty boundary condition seems not so large as to reach the areas that concern us [4], 
we decide to accept this arrangement. | 


Remark 


[7] The quantities of bolt-and-nut used in daily industrial applications are huge. Their behavior should be carefully 
investigated. In our preliminary study, it shows that the stresses are distributed so unevenly that most of the stresses 
are taken by a few lower contacting threads. To improve the efficiency of the bolt-and-nut, one way is to allot some of 
the stresses to the upper contacting threads. In his books[Ref 2,3], Zahavi has provided several alternatives to reduce the 
maximum stress. This case is adapted based on an example in his books. | 


[Wrap Up 


[8] View other results. Close Mechanical, save the project, and exit Workbench. # 


he ee 
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Section 3.3 


More Details 


3.3.1 Plane-Stress Problems 


Plane-Stress Condition 


[|] Consider a plate of ZERO thickness on XY plane subject to in-plane forces. 
The stress state at any point can be depicted in [2]. Note that there are no 
stresses in Z-face; i.e., 


o0,=0, T,=0, 7, =0 (I) 


Eq. (I) is called a plane-stress condition. If the plane-stress condition holds 
everywhere, then it is called a plane-stress problem. 

In the real world, there is no such thing as zero thickness. The triangular plate 
simulated in Section 3.1 is close to but not exactly a plane-stress problem; the 
triangular plate has finite thickness of 10 mm. However, since its stresses in Z- 
direction are negligible, we usually assume that the plane-stress condition holds for 
such a finite thickness plate. 

In practice, a problem may assume the plane-stress condition if its thickness 
direction (Z-direction) is not restrained and thus free to expand or contract. As 
an example, a simply supported beam as shown in [3] is often solved by assuming 
the plane stress condition, even though its out-of-plane thickness is not zero. 


Hooke's Law for Plane-Stress Problems 


Substituting the plane-stress condition, Eq. (1), into Eq. |.2.8(1) (page 31), Hooke's 
law becomes 


Substitution of Eq. (I) into other governing equations (e.g., Eq. |.2.6(2), page 
30) will conclude that all quantities are independent of Z. That is, the particles 
with the same X and Y coordinates share the same behaviors regardless of their Z 
coordinate. Thus, we can eliminate the Z coordinate and reduce the problem to a 
two-dimensional problem, on XY space. 

Note that, in Eq. (2), €, is not zero; it can be calculated fromo, ando,. The 
nonzero €,, is easy to understand: since Z-direction is free to expand or contract, 
there must be strains in the Z-direction due to poisson's effect. 7 
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[2] Stress state at a 
point in plane 
stress condition. | 


[3] This beam is 

often considered 

as a plane-stress 
problem. | 


2D models must be in 


XY planelRef !2] 


[4] ANSYS requires that, for a 2D 
problem (i.e., plane-stress, plane- 
strain, or axisymmetric 
problems), the 2D geometric 
model MUST lie in a global XY 
plane. For an axisymmetric 
problem, the global Y-axis is 
always the axis of symmetry and 
the model MUST be placed on 
the +X side. (Also see 3.2.12[5], 
page 138.) # 


3.3.2 Plane-Strain Problems 


Plane-Strain Condition 
[|] Consider a structure of INFINITE LENGTH in Z-direction. The Z- 


direction is restrained such that no particles can move in Z-direction. Further, 


all cross-sections perpendicular to the Z-direction have the same geometry, 
supports, and loads [2]. In such a case, the strain state at any point can be 
depicted in [3]. Note that there are no strains in the Z-face;i.e.,e, = 0 
(otherwise the particle on the Z-face would move in Z-direction) and 

V7. = Vz =0 (otherwise the cube would twist in ZX and ZY planes 
respectively, and that implies the particles would move in Z-direction), 


€,=0, 7,,=0, y,,=0 (1) 


Eq. (1) is called a plane-strain condition. If the plane-strain condition holds 
everywhere, then it is called a plane-strain problem. 

In the real world, there is no such thing as infinite length. In practice, a 
problem may assume the plane-strain condition if its Z-direction is restrained 
from expansion or contraction and all cross-sections perpendicular to the Z- 
direction have the same geometry, supports, and loads. As an example, a 
pressurized pipe buried under the earth is often considered as a plane-strain 
problem. Section |4.3 and the exercise problems in 3.6.2 (page 171) provide 
two examples for plane-strain problems. 


Hooke's Law for Plane-Strain Problems 


Eq. |.2.8(1) (page 31), Hooke's law, can be inverted and rewritten as 


E 

o, = ————_—_- 

x (I+ v)(I-2v) 
E 

o, = ——___ 

Y (I+ v)(I- 2v) 
E 

o, = ———___ 

Zz“ (I+ v)(I- 2v) 


TU yy = GY yy Ty = GY, Tox 7 GY, 


| (! —V)E, + VE, + ve, | 


| (! —V)E, + VE, + ve, | 


{( —V)E, + VE, + ve, | 


The proof of Eq. (2) is in 3.3.14 (page 150). 
Substitute the plane-strain condition Eq. (1) into Eq. (2), and Hooke's law 
becomes 
E 
Oo, =———__| (Il-v)e, + ve 
. devel! Ne Z 
E 
o, = ———_—__— 
" (l4+v)(I- 2v) 


E 
0, = qenacanl +vé, | 


|(! —V)é, + VE, ] 


Ty = GY xy; Wy = 0, Tx =0 
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Infinite length 


[2] All cross- 


sections 
perpendicular to 
the Z-direction 
have the same 
geometry, supports, 
and loads. | 


é 


[3] The strain 
State at a point 
in plane strain 
condition. | | 
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[4] Substitution of Eq. (1) into other governing equations (e.g., Eq. |.2.6(2), page 30) will conclude that all quantities are 
independent of Z;i.e., the particles with the same X and Y coordinates share the same behaviors regardless of their Z 
coordinate. Thus, we can eliminate Z coordinate and reduce the problem to a two-dimensional problem, on XY space. 


Note that, in Eq. (3),o,, is not zero; it can be calculated from €, and €,. The nonzero o,, is easy to understand: 
since Z-direction is restrained from expansion or contraction, the material will develop stress to counteract the 
restriction. # 


3.3.3 Axisymmetric Problems é 


[1] Consider a structure of which the geometry, supports, and loads [2] The strain eR 
are axisymmetric about the Y-axis. In such a case, all quantities are state ata 
. . point in 
independent of @ coordinate; i.e., the particles with the same R and Y axisymmetric 
coordinates share the same behaviors regardless of their 6 coordinate. condition. | 
Thus, we may eliminate @ coordinate and reduce the problem to a 
two-dimensional problem, on R-Y space. 

The strain state at any point can be depicted in [2]. Note that € 
there are no shear strains in @-face (otherwise the OR-face and the 
OY -face would twist and the problem is no longer axisymmetric), 


Ey 
Yor = 9 Ye =9 (I) 
Oy 
According to Hooke's law, Eq. (1) implies 0% 
(2) [3] The stress OR 
state at a 

Eqs. (1) and (2) can be regarded as the axisymmetric condition. Sao areiic 

Axisymmetric problems are ubiquitous in engineering applications. condition. 
Many problems are not strictly axisymmetric but can reasonably 
assume the axisymmetric condition, such as the bolt-and-nut problem 
simulated in Section 3.2, in which the threads are spiral and the nut is 0, 
hexagonal. 

In an axisymmetric problem, 0 is called the radial stress, o, is called pe 
the hoop stress, and 0, is called the axial stress [3]. 7 ' 


3.3.4 Mechanical GUI 


[|] Mechanical GUI is composed of several areas ([2-8], next page); many of them are similar to those in 
DesignModeler GUI (2.3.1, page 81). On the top are pull-down menus and toolbars [2]; on the bottom is a status 
bar [8]. In-between are several "window panes" [3-7]. The separators [9] between window panes may be dragged to 
resize window panes. You even can move or dock a pane by dragging its title bar. Whenever you mess up the 
workspace, pull-down-select View/Windows/Reset Layout to reset to the default layout. 


Outline [3] displays an outline of a project tree, which is a structured representation of the project (to be 
discussed). Details [4] shows the detail information of the object highlighted in the project tree or graphics window. 
The graphics window [5] displays a geometric model. Graph [6] typically shows a result-versus-time plot. Tabular 
Data [7] shows the numerical data of the result-versus-time plot. A set of animation tools are available in Graph; 
these tools allow you to play, stop, or save the animation. _ | 
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[2] Toolbars. <— 


[3] Outline 


5] Graphi 
of project a ? pisces [>] Graphics 
Context C : Static Structural Mechanical [ANS¥S Academic Teaching Introductory] i eS) x 

tree. | 
Display Selection Automation w 

(a x Se : [FF Commands (@) Images - 3.2e+002 (Auto Scale) * “= S /, — = ir 

Filia “ Cicomment [fJbSection Plane Scoped Bodies fa all 

Duplicate Analysis ‘ = Geometry Contours Ed * ector Capped Views 

* - a int Chart & Annetation v Large Vertex Contours : m , . / Minimum pig) - |sosurtace> nm 


Irsert Display 


Select "x Mode- 


*QaQqQ@q 


TE 


C: Static Structural 
Tots! Deformation 
Type: Total Deformation 


[9] Separators 
allow you to 
resize window 


[4] Details of 
highlighted 


Equivalent Stress 
Radial Stress 
Yooal Stress 


*/@ \\oo0 Stress 


0.00033893 Min 


f “Total Deformation” ~9%0~x 


labuiar C ata v it | x 


Animation |« > r) 1/(\@ 20Frames 7|/2Sec (Auto) ~~) Ee! @ | Time [s] fv Minimum [mm] 
Scoping Method Geometry Selection hos — 1/0.2 6.778e-005 
Geometry All Bodies ee 2 }0.4 1.3557e-004 
5.6959e-3 = tas + 
Definition 3 }0.7 2.3726¢-004 


4|1 3.3893e-004 
Type Total Deformation a 


By Time 
Display Time Last 
Calculate Time History Yes 


identifier 


Suppressed No 
-) Results 


Minimum 


3.3893e-004 mm 


sraphics Annotations Selection information Graph 


[8] Status Bar. { [6] Graph. /7 


Refs 1, I ‘i Project 
Project Treel — 
. , , A@ Geometr 
[10] A project tree [11] is a structured representation of a project. A 1 Seem 
; fake. Coordinate Systems 
project tree may contain one or more Models; often, there is only one | ~BA Connections 
in a project tree. A Model may contain one or more Environment +) Mesh 
branches, along with other objects. Each can be renamed. Default name = [| Static Structural (C5) 
m . . Wat Analysis Settings 
for an Environment branch is the name of the analysis system, for i. 
e ° . 7. = 
example: Static Structural. An Environment branch contains Aw), Frictionless Support 
Analysis Settings, several objects that define the environment =|. A] Solution (C6) 


At | Solution Information 


; ; ‘a Total Deformation 
Information and several results objects. GB Equivalent Stress 


Right-clicking an object (or multiple objects) and selecting a tool Gp Radial Stress 
from the context menu, you can operate on the object (or objects), such J@ Axial Stress 
as delete, rename, duplicate, etc. FD How Seeee 

Unlike the objects of a model tree in DesignModeler, in which their 


. wl 
order is important, the order of the objects in a project tree is not , \ 7 


relevant. > [I 1] A project tree. # 
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conditions, and a Solution branch, which contains a Solution 
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3.3.5 Unit Systems 


[1] In DesignModeler, the only units used are length and angle. In Mechanical, units are much more involved; 
nevertheless, Workbench takes care of the consistency of unit systems, and all you have to do is to select a unit system 
suitable for your model. Selecting a suitable unit system for your model is crucial in many cases, in which the solution 
accuracy may deteriorate due to an accumulation of machine errors. 


Choosing Unit Systems: Guideline 


As a guideline, select a unit system such that the values stored in the computer have about the same order. For 
example, if you choose SI unit system for a micro-scale simulation model, you would have the lengths of order |!0~ and 
a Young's modulus of order |0''. That may raise precision issues. On the other hand, if you choose a MKS unit system, 
you will have the lengths of order|0° and a Young's modulus of order 10°. That is much better. 


Consistent vs. Inconsistent Unit Systems 


In Workbench GUI (not Mechanical GUI) pull-down-select Units/Unit Systems..., and you will see a list of 
built-in unit systems [2-6]. For internal computation, Workbench always uses a consistent unit system. There are 6 
consistent unit systems in the list: Sl, CGS, NMM, MKS, BIN, and BFT [6]. Highlight a unit system in the list; you will see 
the details of that unit system. 

Other unit systems are inconsistent ones. They are, however, often more convenient to use than consistent ones. 
When you select an inconsistent unit system for use in Mechanical, it internally uses a consistent unit system that is 
closest to the inconsistent one you've chosen. 

Like DesignModeler, Mechanical allows you to change the unit system any time, using the pull-down menu on 
Status Bar [7]. The internal consistent unit system also changes accordingly. 


[2] Built-in unit systems. > [3] The unit system 
for the current 
project. | 


3 Metric (kg,m,s,°C,A,N,V) 

4 Metric (tonne,mm,s,°C,mA,N,mvV) 

5 U.S.Customary (Ilbm,in,s,°F,A,lbf,V) 
6 | U.S.Engineering (Ib,in,s,R,A,Ibf,V) 
HI 
8 

9 


[4] The default 
project unit 
system. | 


Metric (g,cm,s,°C,A,dyne,V) 

| Metric (kg,mm,s,°C,mA,N,mV) 

| Metric (kg,um,s,°C,mA,UN,V) 
10 | Metric (decatonne,mm,s,°C,mA,N,mV) 
11 U.S.Customary (Ibm, ft,s, F,A,lbf,V) 
12 Consistent CGS 
13 Consistent NMM 
14 Consistent UMKS 
15 Consistent BIN available in the 
16 Consistent BFT pull-down 
17 DesignModeler Unit System (m, degree) | menu. Lf 
18 DesignModeler Unit Sys lem (mm, degree) | | | [7] Mechanical allows you to 

| | change the unit system any time, 
using the pull-down menu on 
Status Bar # 


[5] Checked 
unit systems 
are NOT 


|S) SS) SS) SN SS S|) SS 


[6] These, along with the Sl, are 
consistent unit systems. —> 
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3.3.6 Environment Conditions 


[1] Highlighting an Environment branch (e.g., Static 
Structural), you will see a row of environment conditions on 
the toolbar [2]. These environment conditions may also be 
accessed through the context menu. 

Three groups of environment conditions are frequently 
used: Loads [3], Supports [4], and Inertial [5]. 
Environment conditions available in each group depend on the 
dimensionality (2D or 3D) as well as the type of analysis 
system (e.g., static or dynamic, structural or thermal). 

Here, we will introduce the environment conditions 
available in 2D static structural simulations. Additional 
environment conditions will be introduced later, starting from 
Chapter 5. Many of the environment conditions are self- 
explanatory while others have many useful features. When 
going through each environment condition, we will point out 
its location in the ANSYS documentation system, in which 
many details can be found. You should consult this official 
documentation whenever needed. 


Inside Workbench 


Before jumping to individual environment conditions, let's 
describe how Workbench processes the environment 
conditions. 

When an environment condition is applied, it will 
eventually be transferred to the NODES of the finite element 
model. For example, if you apply a pressure on a surface, the 
equivalent nodal forces are calculated and applied on nodes. 
The support conditions are processed in a similar way. 

Consider Eq. |.3.1(1) (page 35) again, 


[KF = AF 


The vector ;F} is calculated according to the loads and inertia 
forces, while the vector ;D; is calculated according to the 
support conditions. Some of the nodal forces and nodal 


Copy of Eq. |.3.1(1) 


displacements are known values while the others are unknown. 


The unknown nodal forces to be solved are called reaction 
forces. For any degree of freedom, if the displacement is known 
then the corresponding force is unknown, and vice versa. 


Magnitude of Environment Conditions! 2] 


The magnitude of most environment conditions can be 
specified in three ways: a constant value, a time-dependent 
tabular form, or a mathematical function with time, X, Y, or Z 
as the independent variable. 7 
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% we @ Force QB @ Fixed 
% @,Moment TFS a Frictionless 
nertial Loads _ supports 


@. Pressure @ Displacement 


Structural 


[2] Highlighting an 
Environment 
branch, you will see 
a row of available 


Qe . QP Br 
@,Moment TTT environment 
@ Pressure PPS gp conditions on the 


toolbars. | 


@ Hydrostatic Pressure 
@, Remote Force 
earing Load 


s 
oe 
oq Bolt Pretension 


@j Thermal Condition 


@ Fixed S. 
@ Frictionless ™ 


@ Displacement —— 


& Remote Displacement 


[4] Supports. | 


Compression O 


+: a 
nly Support 


of 
Cylindncal Support 


4 


@ Elastic Support 


~ 

BC Acceleration ; 
‘plates [5] Inertial. # 
<> Standard Earth Gravity 

@, Rotational Velocity 


@. Rotational Acceleration 


"www 
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3.3.7 LoadslRef 3] 


Pressure 


[1] Applies to 2D edges or 3D faces. It is possible to define a spatial varying 
pressurelRef 4], 


Force 


Applies to vertices, edges, or faces. If it applies on edges/faces, the force is evenly 
distributed on the edges/faces. 


Thermal Condition 


Applies to bodies. The temperature change AT (see Eq. |.2.8(3), page 32) is the Thermal Condition 
difference between specified temperature and the reference temperature, which is 
part of the information of the material properties, default to 22°C. 


Bearing Load 


Applies to 2D circular edges or 3D cylindrical faces. The total force is distributed on 
the compressive side of the circular edges or cylindrical faces. 


Hydrostatic Pressure 


Applies to 2D edges or 3D faces. It simulates pressure that occurs due to fluid weight. A free surface location may be 
specified, default to the surface at X = 0. 


Moment 


Applies to 2D edges or 3D faces. A statically equivalent pressure distributed on the edges/faces is calculated and 
applied on the edges/faces. 


Remote Force 


Applies at a location anywhere in the space. Workbench calculates the equivalent moment and force and applies them 
on the body. It may be used as an alternative way of building a rigid part and applying a force on it. 


Joint Load 


3.3.8 SupportslRe 


Fixed Support 


[|] Applies to vertices, edges, or faces. Prevents nodes from moving in X- Y- and Z-directions. It also prevents nodes 
from rotations for beam/shell elements. 


Displacement 


Applies to vertices, edges, or faces. Displacements in X- Y- and Z-directions can be specified. A zero value prevents 
nodes from moving in that direction. An unspecified value sets that direction free. | | 
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Frictionless Support 


[2] Applies to 2D edges or 3D faces. Prevents nodes from moving in the 
normal direction; allows nodes to freely move in the tangential direction. 


- 3 Fixed cH 
a Frictionless a 


B Displacement 


eo, Remote Displacement 


Compression Only Support 


Applies to 2D edges or 3D faces. The associated body is free to depart from : inieaiiaiieiaiceiilaniaal 

the edges or faces, but cannot penetrate them. It in effect sets up a frictionless ean 

contact region between the body and a rigid support; it introduces contact 

nonlinearity into the problem. ® Pade Stes norl 
| 


Cylindrical Support 


Applies to 2D circular edges or 3D cylindrical faces. Each of the radial, 
tangential, and axial (3D only) directions can be set free or fixed. 


Elastic Support 


Applies to 2D edges or 3D faces. A foundation stiffness must be specified to 
establish the relation between the reaction pressure and the support 
displacement. 


Remote Displacement 


Applies at a location anywhere in the space. Workbench calculates the 
equivalent displacement and rotation and applies them on the body. It may be 
used as an alternative way of building a rigid part and applying a displacement to 
it. # 


3.3.9 InertiallRef 3] 


Standard Earth Gravity ieee 


X @,Moment * 


[|] Applies to bodies. You must select a direction along which the gravitational 


Loads — our 
° ° e e 7 : = 
force applies; it defaults to -Z direction. — 
@ Acceleration 
4} Standard Earth Gravity 


Acceleration 


Applies to bodies. You must specify the magnitude and direction of 
acceleration. The direction is where the bodies accelerate. An "Inertia force" 
will apply in the opposite direction. 


@, Rotational Velocity 
i 


Rotational Acceleration 


| 


Rotational Velocity 


Applies to bodies. You must specify the magnitude and direction of the angular 
velocity of the bodies. A distributed "inertia force" will apply in the opposite 
direction of rotation. # 
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3.3.10 Results ObjectslRet 7] 
27333333 8 


USER 
Deformation Strain Stress Energy Damage Linearized Volume Coordinate User Defined 
Stress e Systems * Result 


Results User Defined Criteria 


[1] Highlighting Solution branch, you will see a row of solution tools available on the 
toolbars [2]. These tools may also be accessed through the context menu. Most of them [2] Solution 
are self-explanatory, but some of them need to be explained. toolbar. | 


Linearized Stress 


Using this tool, you can view stresses along a straight line path. You need to first define a 
straight line path using Construction Geometry under Model. 


ProbelRef 8] 


It contains tools to explore the results of a point, or maximum/minimum values of the 
results of a scoped region, along the loading history. In other words, we are concerned 
about the results across the time domain instead of space domain. 


ToolslRet 71 


It contains some special solution tools: Stress Tool, Fatigue Tool, Contact Tool, 
and Beam Tool [3]. 


User Defined Result!Ref 71 | 
[3] Some special 


You may define a result expression using available keywords, which can be listed by solution tools. # 
highlighting Solution in the project tree and clicking the Worksheet tab on the right 

side of the GUI (if you don't see the Worksheet tab, click the Worksheet toolbar 

button G7 Worksheet) _, 


3.3.1 | View ResultslRef 7] 


[|] To view results, simply highlight a results object. Tools to control the visual 


effects of the results are shown on the toolbars [2-6]. | 


[4] Some 


[6] You can control [3] Click to turn on/off the probe. Results results can be 
how the contour values will display along with your mouse displayed in a 
displays. # pointer; click to label the value. > vector form. <— 


vw = & 


. - a mn 
peometry Contours tages 


[5] You may select the 
scale of deformation. —> 


Maximum 


3.2@+002 (Auto Scale ° 


scoped Bodies : 
¥ ’ a a 
Display Vector Display 


[2] Click to turn on/off the label 
of maximum/minimum. fT 
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3.3.12 Insert APDL CommandslRef !0] 


[1] Clicking Commands [2] allows you to insert APDL commands. For those who are 
familiar with APDL, this may be useful, since Workbench doesn't include all the 
functionalities provided by APDL. For the newcomers, my suggestion is that you do not 
worry about APDL for now;Workbench's functionalities are enough for most simulations. 


After clicking Insert Commands tool, a text editor is opened with several lines of 


comments telling you WHEN the APDL commands will be executed. For example, an APDL 


commands object inserted under Environment will be executed just before Solve 


command. —> 


What is APDL? 


[3] In the old days, the users operated ANSYS using a set of 
text command language, called APDL (ANSYS Parametric 
Design Language). Compared with modern computer 
languages, the APDL is not a user-friendly language at all. For 
many users, use of APDL has been a painful experience. 

Later, ANSYS started to provide a graphical user 
interface (GUI). The users operate ANSYS through pull- 
down menus, dialogs, etc. Basically, each APDL command has 
a corresponding operating path in the GUI. Using either 
APDL or the GUI, the users can use all the functionalities of 
ANSYS. Again, compared with Workbench GUI, the old 
ANSYS GUI is not efficient at all. Many experts and school 
teachers prefer APDL to the old GUI. 

It is true that some capabilities of APDL are not directly 


supported in Workbench. It, however, provides two ways that 


you may access APDL commands: (a) You can insert APDL 
commands by clicking Insert Commands [2]. (b) You can 
create a Mechanical APDL system [4], which allows 
APDL files to be read into Workbench. — 


(,¥ Unsaved Project - Workbench 
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=) ae re? ric 
#7 Commands 


[2] Click 


Commands to 
insert ANSYS APDL 
commands. / 


File View Tools Units Help 


J) New J Open... vi Save Al Save As... iA) Import... @ Ret 
i x 
Analysis Systems 
& Component Systems 
@ autopyn ~ 5 
@ Engineering Data 2 wa Analysis ? 4 
. siinaphaiaisundammal Mechanical APDL 
Gy) External Data 
Ga Finite FlementModeler 
FLUENT 
e Geometry 7 
[AN Mechanestarot id [4] A Mechanical 
@ Mechanical Mode APDL can read APDL 
we Mesh . 
Ps Microsoft Office Excel commands file Into 
@) Results Workbench. # 


System Coupling 
Custom Systems 
) Design Exploration 


a 


3.3.13 Status Symbols in Tree OutlinelRef !!1 


[1] Each object of the project tree has a status symbol, explained below: 


“8 Checkmark indicates branch is fully defined / OK. 


2%. Question mark indicates item has incomplete data (need input). 


2 - Lightning bolt indicates solving is required. 
ol. Exclamation mark means a problem exists. 


x. “Xx” means item is suppressed (will not be solved). 
(f!- Transparent checkmark means body or part is hidden. 
£@- Green lightning bolt indicates item is currently being evaluated. 
2... Minus sign means that mapped face meshing failed. 
x@- Check mark with a slash indicates a meshed part/body. 


6%. Red lightning bolt indicates a failed solution. # 
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3.3.14 Appendix: Proof of Eq. 3.3.2(2), page | 41 


[!] The first 3 equations and last 3 equations of Eq. 3.3.2(2) are decoupled; they can be proved independently. Proof of 
the last 3 equations from the last 3 equations in Eq. |.2.8(1) (page 31) is trivial. Now, we prove the first 3 equations. 
The first 3 equations in Eq. |.2.8(1) can be written in matrix form 


| ee)-[o}e 


z Zz 


The first 3 equations in Eq. 3.3.2(2) can also be written in matrix form 


Oo 
X —_ 
5 l-—v Vv 


Oo, -=———_—— |— 
(I+ v)(I- 2v) 
O, 


| E 
PAPE (1+ v)(I— 2v) 


This completes the proof. # 
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C: 2D Gear Set Simulation 
Equrvelent Stress 


8 Type Equwelent (von-Mises) Stress 
Unt ps 
Time 1 
2.242105 Max 
| 8 1993e5 
1.7439e5 


Spur Gears a 


3.4.1 About the Spur Gears 
[2] We want to | 
investigate the contact | 

™" stress here... | 


[1] In this section, we'll perform a simulation for a pair of 

meshing spur gears introduced in Section 2.5. Consider a f 
situation in which a clockwise torque of 15,000 Ib-in is applied ] 
on the upper gear while both gears are at rest. Our goal is to d 
assess the maximum stress during the transmission of the ' f 
torque. By engineering judgement, the maximum stress occurs r | 


either at a contact point [2] or at the root of a tooth due to y 
the bending of the tooth [3]. 

Since there is no restriction of deformation in the depth 
direction, i.e., the gears are free to expand (or contract) in the 
depth direction, so it is modeled as a plane stress problem 
(3.3.1, page 140). The U.S. customary unit system (in-Ibm- 
Ibf-s) is used in this exercise. > 


[3] And the 
bending stress 
here. # 


3.4.2 Set Up Project Schematic 


[1] Launch Workbench. Open the project Gear, which was saved in Section 2.5 (see [2]). Duplicate the Geometry 
system [3-4]. Create a Static Structural system [5]. Create a link between the last two systems so that they share 
Geometry [6]. Double-click the Geometry cell in the 2D Gear Set system to edit it [7]. / 


\ 


fe \ 61C link a [5] Create a Static 7 
reate a lin 
[7] ase ai to sere Geometry Structural analysis system. 
ee Fp 4 between the two Name it 2D Gear Set 
esignliodeler. systems. <— Simulation. <— 


——————————_~ 
[3] Right-click here 
and select 

Duplicate. \, 


| 


Zz 


2 Gi) GeomeryOY ,—_ 


2 GW Geometry 7 

3D Gear 2D Gear Set OH 

k I 4@ 

5 & Setu S 
EE a e ae - 
[2] This is the system created 8 |S Solution 7 4 
4] Rename the duplicated 

in Section 2.5. Rename it to [4] P 7 Results ? 4 


3D Gear. | system to 2D Gear Set. / 


*, 7 %, J 


2D Gear Set Simulation 
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3.4.3 Delete the 3D Body and Create a Surface Body 


\ G® B: 2D Gear Set - DesignModeler bad = oO 
[1] Delete Extrudel. File Create Concept Took Units View Help 
id Ao select] be fH HH @ StQQQHQavm A @e 00 
Create a surface body RSME 42/3 Au a 
: xYFlane ~ ketch ~ YGenrerate @Whare Topology Fe]Parameters 
using Sketchl by pull- WBiienide GyRevobe Q&Sweep QSkinfioh URThinSudace Qblend ~ Q chamfer MPSlice 
7 P Poin BF comenion 
down-selecting BiadeEditer: G@imponBGD GicadbGD KlLoadNOF SBFlowPath pf Bisde @ Splitter aPVirtaTFExpon \\ExportPoints muStagefluidZone afl SectorCut jig ThroatArea 
Concept/Surfaces 2 : @ 
Tree Outiine a 
From Sketches. ee 
Remember to click Rend 
sah YZP 
Generate. — ae eel 
\ jt 


Add Materi 


[2] The newly created surface body; - 
it is used as a 2D solid body. # 


1, 


[|] Duplicate the gear [2-8]. Rename the two bodies to Lower Gear [7] Click Generate. A 
and Upper Gear, respectively [9]. Close DesignModeler. | gear is duplicated. | 


Lig 
[2] Pull-down-select Create/Body 

Transformation/ Translate. 

(Translatel is then created.) | 


A _< i] B: 2D Gear Set 


+ 7 * KY Plane / \ 
vote ZEP lane [9] Rename the 
ye YZPlane bodies like this. # 
+ Sk 
- =) [4] Select Yes for 


Preserve Bodies? | 


[3] In the graphics window, select the 

Sketching Modeling | body and click Apply. { 
Details View [ 

=| Details of Traaslate1 


Peseme Bolin? [Yes OD 


[5] Select Coordinates for 
Direction Definition. | 


[Bodies Pel ee 
FDS, X Offset [8] Enlarge this region to make 
a [6] Type 5.01 (in) for ¥ Offset. ) sure that the two gears don't 
FDS, ZOffeet [On Note that we leave a small clearance touch each other. To increase 
between the two gears (see [8]) so the graphics resolution, see 
bb=—_—————— emmy they don't touch each other. 7 |3.4.3[24], page 513. \ 
Ny \ 
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3.4.5 Set Up Geometry in Mechanical 


fe 
[|] Before entering 


‘co = _—— EER EEE REISE —~— 
Mechanical, specify 2D File | Home Geometry Display Selection Automation ~B oO 
sa mnalye Type UO > at . comment er eats 28 EA AA nis a 3 

(3. | .4[4-6], page | | 2). This “ts a ai nan BB an tation cone _ Mass Modif, 


step is important since, after 
the geometry is brought to 
Mechanical, you cannot 
change it any more. 

Start up Mechanical 
by double-clicking the 
Model cell. In 
Mechanical, change the 


+) PR Matenais 
4 tk Coordinate Systems 
+ Je Connections 

¢@D Mesh 


vii] Analysis Settings 
=) 9%} Solution (C6) 


Definition 
units to in-lbm-lbf-s [2]. Source 

Type DesignModeler 
Make sure 2D Behavior is ee 
set to Plane Stress [3-4]. corer nae at 
Also make sure the material ee 


is Structural Steel 
(default) and the thickness is 


1.0 inch (default) [5]. > r is Plane St 


j 
N 


3.4.6 Set Up Contact Region 


-| Scope 
Scoping Method 


Geometry Selection 


Contact 


Target 


Contact Bodies 
Target Bodies 

Shell Thickness Effect 
Protected 

Definition 

Type 


- AA " 
Scope Mode 


Frictionless 
Manual 
Behavior Program Controlled 
Trim Contact Program Controlled 
Suppressed No 
Advanced 


Formulation 


. 


Augmented Lagrange 


i. 


Small Sliding Program Controlled 
Detection Method Program Controlled 
Penetration Tolerance Program Controlled 
Normal Stiffness Program Controlled 
Update Stiffness Program Controlled 
Stabilization Damping Factor 0 [7] 


- 


Pinball Region Program Controlled 


Time Step Controls None 
Geometric Modification \ 
interface Treatment Adjust to Touch 

Contact Geometry None Os 


Target Geometry Correction 


Correction 


None 


=| 9[} Static Structural (C5) 


70 Solubon Informaton 


C\Uters\ASUS\ Documents ANS 


setting. | 


[3] Click to bring up buttons 
and apply as Contact. \, 


[5] Click to bring up buttons 


[6] Select Frictionless 


—— +, 
[8] Select Adjust to 

Touch for Interface 

Treatment. # 


tual 


> rae es Select a Mode- RenoS SRB f 
[3] Highlight 
Geometry. | 


[5] Make sure 
Structural Steel is 
used for both gears 
"| and their thicknesses 
are |.0 inch (the 
default value). # 
ee 


[2] Change the units to 


in-lbm-Ibf-s. \ 


ra 


i. 


.| [4] Make sure 2D Behavior 


ress, the default 


[1] Redefine the contact region as follows. In the project tree, 
highlight Connections/Contacts/Contact Region and 
redefine Contact and Target [2-5]. Change the contact type to 
Frictionless [6]. Select Augmented Lagrange for 
Formulation [7]; this is generally recommended for frictionless 
contact (13.1.10, pages 477-478). Finally, select Adjust to 
Touch for Interface Treatment [8] (13.1.1 1, page 479). | 
et 


\ 


and apply as Target. | 


[4] Select this 
edge of the upper 
gear. <— 


for Type. | 


Select Augmented 
Lagrange for 
Formulation. | 


[2] Select this edge of the 
lower gear (using the Edge 
filter, 3.2.7[12], page 132). \ 
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3.4.7 Generate Mesh 


[|] Generate mesh [2]. The mesh with default settings is too [3] Insert a Sizing (3.2.8[7], 
coarse. We need finer mesh on the contact areas and the fillets. page 134). Control-select 
Insert a Sizing for the mesh [3-5]. The new mesh should be these 6 edges. | 


adequate now [6-8]. | 


[2] Mesh 
with default 
settings. > 


=|| Scope 
Scoping Method | Geometry Selection 
| Geometry 6 Edges [4] And click 
Suppressed _No 
‘ % Type | Element Size 
| Element Size | 1.e-002 in 
[6] Right-click Lower =) Advanced | 
'- - - aa. 
Gear and select | Sehavior — | 
Generate Mesh. \, | Growth Rate | Default (1.2) [5] Type 0.01 (in) for 
E=] Project Capture Curvature No Element Size. — 
=) (ga) Model (C4) Capture Proximity | No \ / 
= ARB Geometry Bias Type No Bias 
von Insert 
y 8 Upper Gear 
yas Coordinate Syste J Upa = ; a bee | 
péate Project 
©) A8B Connections =) (| Model (C4) 
=~ eg) epee Z = A&M Geometry 
Vv n® 
=) Mesh Preview ie oie Saat 


Ji. Edge Sizing 


, ; Insext 
H-2(2] Static Structur Y Hide Body . os ee | a 
vj Analysis Se Q Hide All Other Bodies re “J Update : . 
=)--2lg| Solution ( 5 v@ Contacts _____||_ 17) Right-click Upper 
f > vy 4, Frictior 
¢($] Solutc US] Suppress Body Syl Mesh ed Gear and select 


=)-[=] Static Structur 
yA Analysis Set Q Hide Body 
=) 2] Solution (« © Hide All Other Bodies 


Update Selected Parts 


£0 Create Named Selection 


4 Solutic - 
/ | Clear Generated Dats. Suppress Body 
alo Rename Suppress All Other Bodies 
Update Selected Parts » 
£0 Create Named Selection 


/ | Clear Generated Data 


alt Rename 
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[8] Highlight Mesh in the 
project tree to examine the 
mesh. The mesh should be 
adequate now. “ 


[10] A seemingly 
problematic mesh! 
It appears that the 
upper gear is not 
meshed well. # 


[9] Here, we've demonstrated that each body can be meshed separately. Another reason we meshed this way is to 
circumvent an insignificant bug in Workbench. If you right-click Mesh and issue Generate Mesh as usual (instead of 


[6-7]), you would have a seemingly problematic mesh [10]. The mesh is actually fine; it is just a display problem. { 


3.4.8 Specify Support and Load 


ee eal [3] Apply a Moment of 15,000 Ibf-in 

clockwise on the inner rim of the upper 

gear. (Type -15000 in the details view.) 
This is the driving torque. # 


Tine: 1. s 


[Al Fixed Support 
[B] Frictionless Support 
[) Moment: -15000 Ibfin 


[2] Apply a Frictionless Support on the 
inner rim of the upper gear. This restricts the 
inner rim from radial translation, while 
( [I] Apply a Fixed allowing tangential rotation. T 
Support on the 
inner rim of the 
lower gear. > 


Details of “Moment” 
E]| Scope 
Scopang Method | Geometry Selection 


Bie 
(=]| Definition 
Morrent 


SOD i Gage 
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3.4.9 Solve the Model and View the Results 


[1] Insert an Equivalent (von-Mises) 
Stress, solve the model, and view the results. 
With the default scale (Auto Scale), the 
deformation is exaggerated (140 times) and 
looks unrealistic. | 


1.4e¢+002 (Auto Scale) ~ 
Scoped Bodies , 


v Large Vertex Contours 


| 


ee NN 


[2] Change the 
deformation scale to 
True Scale. | 


C: 2D Gear Set Simulation 
Equivalent Stress 

Type: Equivalent (von-Mises) Stress 
Unit: psi 
Time: 1 


2.242185 Max 
1.993e5 
1.7439e5 
1.4947e5 
1.2456e5 
99650 

74737 

49825 

24912 
0.022228 Min 


1.0 (True Scale) 
Scoped Bodies , 


v Large Vertex Contours 


[3] Now, examine the 
contact stress and the 
bending stress. Note that 
the unit for stress is psi. | 


Wrap Up 


[4] Close Mechanical, save the project, and exit Workbench. # 
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A: Static Structural 
X Axas - Normal Stress (Unaveraged) 
, Type: Normal Stress(X Axis) (Unaveraged) 
} @ Unit: MPa 
Global Coordinate System 
Time: 1 


138.47 Max 
122.96 


Structural Error, FE Convergence, 2 
and Stress Singularity i 


This exercise illustrates some must-know concepts in finite element simulations: (a) stress discontinuity, (b) structural 
error, (c) finite element convergence, (d) stress concentration, and (e) stress singularity. We use a filleted bar subject to 
tensile stresses to demonstrate these concepts. 


3.5.1 About the Filleted Bar 


[1] The filleted bar is made of steel and subject to a tension of 50 kN as shown in [2]. We want to investigate the 


maximum displacement and the maximum normal stress in horizontal direction. The maximum normal stress occurs 
near the fillets where the stress concentration occurs. The unit system used in this exercise is mm-kg-N-s. | 


100 100 
[2] The bar is made of 


steel and has a 
thickness of 10 mm. # 


50 kN 


100 


PART A. STRESS DISCONTINUITY ee 
DesignModeler Geometry... 


to start up DesignModeler. # 
/ 


3.5.2 Start a New Project 


2 @ EngineeringDaf6 Y , 
3 W@W Geometry O PF, 


- 
[1] Launch Workbench. Create a Static 


Structural system. Save the project as Bar. 2 we Mode! Le 
Start up DesignModeler [2]. —> 5 @@ setup Fa 
hh 6 Qa Solution , J 

7 i) Results © y 


Static Structural 
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3.5.3 Create a 2D Model in DesignModeler 


[1] Select Millimeter as the length unit. 
Create a sketch on XYPlane shown in [2]; 


remember to impose Symmetry constraints. 


Create a surface body by pull-down-selecting 


Concept/Surfaces from Sketches [3-4]. 


Close DesignModeler. 

In the Project Schematic, specify 2D 
for Analysis Type (3.1.4[4-6], page | 12). 
Start up Mechanical by double-clicking 
Model. — 


% 


Sufaceskl 


E]| Details of SurfaceSk!1 


Surface From Sketches 
Tisiees620 [lm OS 


3.5.4 Set Up Support, Load, and Solution Objects 


i 
[|] In Mechanical, select mm-kg-N-<s unit system. 

Specify a Frictionless Support on the left edge [2], and 
a horizontal force of 50,000 N on the right edge [3]. 

Under the Solution branch, insert a Directional 
Deformation and two Normal Stress. Rename the 
objects as shown in [4]. In the details of X Axis - Normal 
Stress (Unaveraged), select Unaveraged for Display 
Option ([5], next page); the significance of this setting will be 


explained in 3.5.6, page 160. | 


A: Static Structural 
Static Structural 
Tune: 1. s 


[4] Frictionless Support [z> 


Force: 50000 N 


[2] Specify a 
Frictionless support 
on this edge. > 


[3] Type 10 
(mm) for 
thickness. > 


r 100- ots 400 


[2] Create a sketch like 
this on XYPlane. / 


[4] Click Generate to 
create this surface body 
(2D solid body). # 


BH Mesh 
=|.¢{-] Static Structural (A5) 
vZ.\ Analysis Settings 


[4] Rename the 


/@,, Frictionless Support like this. | | 
JB. Force 
=|] Solution (A6) \ | 
v4] Solution Information y] 


{AGB X Axis - Directional Deformation 
@B X Axis - Normal Stress 
@® X Axis - Normal Stress (Unaveraged) 


[3] Specify a 
horizontal force 
of 50,000 N on 

this edge. 
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%, 
‘G| Project 
=| (] Model (A4) 
+) Ap Geometry 
4) Coordinate Systems (— 


solution objects 


7 
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nation” | Lietails of "XK Axis - Normal Stress" Details of "X Axis - Normal Stress (Unave 
=| Scope | Scope 
Scoping Method Georrety Selection Scoping Method Geometry Selection 
Georetry ‘All Bodies [Geomety | All Bodies 
=| Definition || Definition 
Type Duectonal Deformation Type Noxmal Stress 
Orientation A Sienna 
By Tire Tire 
Disey Tire Las [Diay Tre [last 
Cooudinate System | Globel Cooudinate System Cooudinate System _| Global Coonlinate System 
Calculate Tire History | Yes [Calculate Time Histary | Yes ime History | Yes 
etn | 
Suppressed, ‘No Suppressed No 
+) Results | &]| Integratioa Point Results 
Display Option Averaged 
En [Arwnee Acces Boies | No 
Results 
——————— EE 
[5] Select Unaveraged for 
Display Option. # 
3.5.5 Set Up Mesh Controls Vardi eet A F 
( 
[|] Highlight Mesh in the project tree and, in the details view, 
select Linear for Element Order [2]. This sets to the use of 
lower-order elements (see |.3.2[2-4], page 37). 
Right-click Mesh and select Insert/Method (or select Details of "Me 
Mesh/Controls/Method from the toolbars) and select the a raion 
5 splay Style Use Geometry Setting 
body as Geometry [3]. Select Triangles for Method [4]. ee : 
This sets to the use of triangular elements (see |.3.3[6], page 38). Physics Preference Mechanical - 
; Element Order TT : 
Generate the mesh [5]. Turn on Weak Springs (3.1.8[1-2], energy Se 
page | 16) and click Solve to solve the model, ignoring the +) Sizing 
warning messages. —— 
+) Inflation 
+| Advanced 
+) Statistics 


Why Lower-Order Triangular Elements? 


The purpose of PART A is to demonstrate stress discontinuity, a 
must-know in finite element solutions. We've set up a mesh that F % 
uses lower-order (linear) triangular elements. The purpose of this [2] Select Linear for 
; i, ; Element Order. / 

setup is to exaggerate the stress discontinuity behavior. Stress L r 
discontinuity is intrinsic in all the finite element software using 

displacements as degrees of freedom, and is not limited to 
triangular or lower-order elements. — 
% 


[3] Select 


Details of "All Triangles Method" = Mew 
~ the body. | 


Scoping Method Geometry Selection 
1 Body 


Element Midside Nodes | Use Global Setting [4] Select 
Triangles for 


Method. — 
Jz 
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3.5.6 View the Results 


Displacement Fields 


[1] Nodal displacements, calculated by solving Eq. 
|.3.1(1) (page 35), are single valued (each node 
has a single value). Therefore the displacement 
fields, calculated using Eq. |.3.2(2) (page 36), are 
continuous over the entire structural body [2]. 

The displacement fields are continuous but 
not necessarily smooth. The use of continuous 
shape functions within an element guarantees the 
displacements field is piecewise smooth, but not 
necessarily smooth across the element 
boundaries. 


Stress Fields 


The strain fields are then calculated using Eq. 
|.2.7(1) (page 31), and stress fields are calculated, 
element by element, using Eq. |.2.8(1) (page 31). 
The figure in [3-4] is a typical result of stress 
calculation: a node usually has multiple stress 
values, since the node may connect to multiple 
elements, and each element has its own stress 
value. 

This behavior can be easily understood. Since 
Eq. |.2.7(1) involves differentiations of piecewise 
smooth displacement fields, this ensures the 
strain fields and the stress fields are continuous 
inside the element but not necessarily continuous 
across the element boundaries. 

By default, stresses are averaged first on the 
nodes, and the stress fields are in turn 
recalculated. By doing so, the stress field is 
continuous over the body as shown in [5]. 


Usage of Unaveraged Stresses 


The averaged stress fields [5] are visually efficient 
for human eyes to interpret the results, while 
unaveraged stress fields [3-4] provide a way of 
assessing the solution accuracy. 

In general, as the mesh is getting finer, the 
solution is more accurate, and the stress 
discontinuity is less obvious. Thus, stress 
discontinuity can be used as an indicator for the 
solution accuracy: the less discontinuous the 
stress field, the more accurate the solution. 7 


[2] Displacement field 
is continuous over the 
entire body. | 


A: Static Structural 
X Axis - Directional Deformation 
Type: Directional Deformation(% Axis) 
Unit: mm 
Global Coordinate System 
Time: 1 


0.07814 Max 
0.069457 
0.060775 


[4] Stress at a node 
usually has multiple 
values. | 


[3] Original calculated stresses 
(unaveraged) are not continuous 
across element boundaries; i.e., stress | 
at boundary has multiple values. > 


A: Static Stractural 
X Axas - Normal Stress Unaveraged) 
Type: Normal Stress(X Axis) (Unaveraged) 


Omit: MPa 
Global Coordinate System 
Time: 1 
138.47 Max 
122.96 
107.45 
91.935 
76.422 
60.909 
45.396 
29.883 
14.369 
-1.1436 Min 


[5] By default, stresses are averaged 
on the nodes, and the stress field is 
recalculated. By doing so, the stress 
field is continuous over the body. # 


A: Static Structural 
X Axis - Normal Stress 


Type: Normal Stress(X Axis) 


Unit: MPa 
Global Coordinate System 
Tone: 1 


122.9 Max 
109.46 
96.027 
82.591 
69.156 
55.72 
42.284 
28.848 
15.413 
1.977 Mm 
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PART B. STRUCTURAL ERROR 


% 
3.5.7 Evaluate Structural Error a 1] Click Solve to 
ee evaluate the results. | 
‘}) Project* - 
E (B} Model (A4) La 
+) Geometry 
+) JS Materials i: Snide Spactarsi 
+ vik Coordinate Systems Sienna Rae 
=} Mesh Type: Structural Enor 
te All Triangles Method Unit: mI 
=|) Static Structural (A5) Time: | 
mit Analysis Settings 
/@® Frictionless Support eae -— 
y® Force 0.73078 
=| Solution (A6) O 0.62639 
Aa Solution In ymaton 0.52199 
/® X Axis - Direl|tional Deformation 0.41759 
/® % Axis - Nort jal Stress 0.3132 
/® % Adds - Nor} |al Stress (Unaveraged) 0.2088 


0.1044 
3.9996¢-6 Min 


2 
[1] Right-click Solution and select Inset/ 
Stress/Error (or select Solution/ 
Results/Stress/Error from the toolbars) 
to insert a Structural Error object. 7 


Structural ErrorlRef !] 


[4] For an element, strain energy calculated using averaged stresses are different from that using unaveraged stresses. 
The difference between the two strain energy values is called Structural Error of the element. The finer the mesh, 
the smaller the structural error. 


The structural error can be used for two purposes: (a) As an indicator of global mesh adequacy. In general, we 
want the values as small as possible. Refining the mesh globally is a way of reducing structural error. (b) As an indicator 
of the local mesh adequacy. In general, we want the structural error distribution as uniform as possible to optimize the 
efficiency of computation effort. That is, in the region of large values of structural error we should reduce the element 
size, while in the region of small values of structural error we should enlarge the element size. # 


PART C. FINITE ELEMENT CONVERGENCE 


One of the core concepts of the finite element methods is that the finer the mesh, the more accurate the solution. 
Ultimately, the solution will reach an analytical solution as the mesh is fine enough. But, how fast does it approach the 
analytical solution? This is what we want to answer in this part of the section. It is called the element convergence 
behavior. 

The answer depends on what kind of element we are using. We'll draw a conclusion that, for 2D cases, quadrilateral 
elements generally converge faster than triangular elements. 

We will compare lower-order triangular with lower-order quadrilateral. To be fair, the comparison is made under the 
same problem sizes for both types of elements. The problem size is reasonably defined by the number of nodes. 

As a representative structural response, the maximum horizontal displacement is used for comparison. 
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3.5.8 Triangular Elements 


a 
a. fT —o00—s—aasaaaaaaaaa—wWqQO!W»WMWMO~STN [2] Type the element size for each run. 
[I] Repeat the simulation as follows: Change the element size This sets to a uniform-sized mesh. | 
as shown in the table below for each run [2], record the number \ 


of nodes [3], and the maximum directional deformation 
(displacement). Tabulate the results like this: > 


Details of "Mesh" 
Element Size| Number of | Max Displacement 


Display 
(mm) Nodes (mm) Display Style Use Geometry Setting 
ne 201 0.0781 13 =|| Defaults 
201 Physics Preference | Mechanical 
8 295 0.078034 Element Order Linear 
6 0.078262 . Lenina Size | 10.0mm 
+ Sizin 
5 0.078380 =| Quality 
4 | 1066 | 0.078454 + ation 
+ an 
3 1857 0.078545 a oe 
2.5 2688 0.078575 
Element 339 
2 4109 0.078603 sa 
[.5 7238 0.078626 
1.2 | 11050 | — 0.078635 
15962 0.078640 [3] Number of nodes. # 


\ 


3.5.9 Quadrilateral Elements 


—————————— 
[1] Highlight All Triangles Method (which is under the 
Mesh branch). In the details view, change to Quadrilateral 
Dominant for Method [2], and select All Quad for Free a 
Face Mesh Type [3]. Repeat the steps in 3.5.8, and tabulate [2] Change to 
the results like this: > Quadrilateral 
Dominant. | 
Element Size | Number of | Max Displacement - a 
(mm) Nodes (mm) Details of “Automatic Method” = Meth 1 
io | _'9 | 0.078329 a 
5 793 0.078325 og 
ore 
0.078463 =—- — 
5 0.078529 Summed [NO 
- — Se 
3 | 803 0.078609 Fre Face Mesh Type 
2.5 2630 0.078619 
2 4043 0.07863 | ———_____———~ — 
1.5 6966 0.07864 7 
[3] Select All 
12 | 11018 | 0.078646 Quad. # 
| 15747 0.078647 2 


% 
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3.5.10 Comparison and Conclusions 


[1] Plotting the results in 3.5.8 and 3.5.9 (last page) using a spreadsheet program such as Microsoft Excel, you should 
come up with a chart as shown below [2-4]. The two curves share the same horizontal asymptote (Displacement ~ 
0.07864 mm), which is the analytical solution. Additional behaviors can be observed as follows. 

First, the quadrilateral element converges to the analytical solution faster than the triangular element. The 
difference seems undramatic in this particular case. However, in many other cases, the difference can be significant. In 


Section 9.3 we will investigate the convergence behavior of 3D elements, and we'll conclude that the convergence rate 
of the hexahedra (1.3.3[2], page 38) is faster than the prisms or the tetrahedra (1.3.3[3, 5], page 38). 

Second, all the convergence curves approach the asymptote from below; i.e., displacements calculated by the finite 
element methods never exceed the analytical solution. In other words, the finite element solutions always 
underestimate the deformation, or in terms of stiffness (1.3.1 [4], page 36), the stiffness is always overestimated. 


0.0787 
0.0786 
0.0784 f 
0.0783 |” [3] Triangular element. > 
0.0782 


0.0780 


[4] Increasing 
0.0779 nodes. # 


[2] Quadrilateral element. 7 


Displacement (mm) 


0.0777 


0.0776 
0 2000 4000 6000 8000 10000 ~=12000 =614000 = 16000 


Number of Nodes 


PART D. STRESS CONCENTRATION 


[3] Stress 
concentration. # 


3.5.11 View the Stress 


[1] Highlight X Axis-Normal Stress to examine 
the stress in the last run (element size |.0 mm). To 
hide the mesh, select Results/Display/Edges/No 
Wireframe from the toolbars. \, 


A: Static Structural i. 
X Axis - Normal Stress 
Type: Normal Stress(X Aus) 
Unit: MPa 

Global Coordinate System 
Time: 1 


mm 167.25 Max 
148.25 
129.26 
110.27 


91.276 [2] In order to accurately evaluate 
72.284 

53.291 the concentrated stress, a fine mesh 
34.299 around the point of stress 
pee sales concentration like this is needed. 
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3.5.12 Define a Path 


a. 
[1] Right-click Model and select 
DB pena Insert/Construction Geometry/ 
E 3s O————____ Path (or select Model/Prepare/ 
‘s Geometry Construction Geometry/Path 


+ Materials 
+ oo Coordinate Systems 
=|, Mesh 
y~> Automatic Method 
=|) Static Structural (AS) 
y Hi] Analysis Settings 
y™® Frictioniess Support 
y@®. Force 
=) /@) Solution (A6) 
YLo) Solution Information 
/% X Axis - Directional Deformation 
/@B X Axis - Normal Stress 
2 X Axis - Normal Stress (Unaveraged) 
~% Structural Error 


id] Project 
=| [ga] Model (A4) 
+) SB Geometry 
=| ¥ Construction Geometry | [2] A path with the 
CO name Path is 
+ vox Coordinate Systems inserted. > 
= eB Mesh 
4p) Automatic Method 
=| 5] Static Structural (A5) 
JEN Analysis Settings 
JB, Frictionless Support 
Je. Force 
=| A] Solution (A6) 


Ad) Solution Information 

/&@ X Axis - Directional Deformation 
Ja X Axis - Normal Stress 

J&B X Axis - Normal Stress (Unaveraged) 
JAS Structural Error 


Details of “Path” 


=]| Defiaitioa 
Path Type Two Peants 
Path Cooudinate System Globe] Coondinate System 
Number of Sampling Poants | 47. 
Suppwessed No 
| Staxt 


[4] Click 
Apply. 7” 


Coondinate System 


Global Coondinate System 


Location Click to Change 
=| Ena 
Cooudinate System Globel Cooudinate System 
End X Cooudinate 115. mm 
End ¥ Coowdinate 125. mmm 


Click to Change O [6] Click 


Apply. — 


from the toolbars) | 
Ms ee 


%, 


——————————— 

[3] Select this vertex. You 
may need to turn on the 
Vertex filter. 


[5] Select this 
vertex. /“ 


% 


What are we doing? 


[7] We are creating a path. We'll investigate 
stresses along this path, to see how the stresses 
vary with the path. 

A path can be defined by two points (in that 
case, it is a straight path), or an edge (in that 
case, possibly a curve path). Coordinates of the 
points can be either picked from the model or 
typed in the details view. 

Any result objects can scope with a path. 
After solving, a result-versus-path data table 
along with a graph will be generated. 

When a path is short enough, it essentially 
becomes a single point. It is useful when you 
want to investigate the results of a specific 
point. # 
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3.5.13 View Stresses Along the Path 


———————— 
[1] Insert a Normal Stress 
object and, in the details view, 
select Path as Scoping 
Method. | 


Details of “Normal Stress” 


Solve 


[2] Pull-down-select Path, 
which is the name of the 
newly created path. > 


[3] Solve. | 


No 


fvenge Rows Boles [No 


sults 
ph Coatrols 
toa | 


Miaimem Value Ovex Time 
Maximum ¥Yalue Ovex Time 


Iafoumea 


[4] With Normal Stress highlighted, 


Mechanical GUI looks like this. | 


4 les! Context A: Static Structural - Mechanical [ANSYS Academic Teaching introductory] on Oo x 
| File | Home Result Display Selection Automation AB oOo 
¥ = = [FF Commands (@) images ~ 1.4¢+002 (Auto Scale) * “a =| [Ep Probe = =z = 
IL +] 3 Kicomment ([JiSection Plane  Scoped Bodies ° ES Maximum 
licat 
sg eQ sii eer ¢ a Chart @ Annotation v Large Vertex Contours a ae mages > Minimum 
Outline Sobers Insert Dispiay [5] Since the results 
Outline ~§0x% QQ [Ole & % [C4+ QQQMQ select RMode-~ FH HAS are scoping with the 
Name . wy Pe Seer path, the stress values 
* eotalic STPUCTLIFAa 
ag Nasael Stress along the path are 
= Type: Normal Stress(x Axis) di | d 
B® Geometry Unit MPa ISp aye : L 
a-VG eee Geometry Global Coordinate System 
v ay Path Time: 1 
vg Materials 
Hy 2k Coordinate Systems 145.95 Max iD: 
Ey Mesh 139.51 
y= Automatic Method 133.06 
=) /0 Static Structural (A5) 126.62 
v Hi] Analysis Settings 120.18 
a Frictioniess Support 113.73 
pa tee 107.29 
SS) Solution (A6) FB. ; 
a elie apie rite cae [6] Stress values are 
(i ge i aii 87.96 Min listed as a function of 
” - Normal Stress ‘ 
J® X dvds - Normal Stress (Unaveraged) distance (length). vA 
/® Structural Error 
y@® Normal Stress 
Details of "Normal Stress” ~8Ox Graph ~ 9 OX Tabular Data v~#oOx 
=| Scope la Animation |¢ > oOo | 1 20Frames a bs Length [mm] |[v_ Value [MPa] 
Scoping Method Path 0 1 (40. 145.95 
t ; 2 |1.0417 135.4 
Path | Path 145.95 3 | 2.0833 126.71 
Geometry All Bodies 4 |3.125 119.72 
= Definition ical 5 | 4.1667 114.09 
Type Normal Stress = 120. + 6 |5.2083 109.63 
Orientation X Axis — 110.7 7 16.25 105.96 
= 8 |7.2917 102.85 
B T 100 
A bes 9 |8.3333 100.32 
Display Time Last 87.96 10 19.375 98.195 
Coordinate System Global Coordinate System 0. 10 20 30 s 50 11 | 10.417 96.406 
Calculate Time History | Yes 12 | 11.458 94.9 
Suppressed No ! 13 |12.5 93.591 
_ ey a Met 
[7] This is a plot of 


stress-versus-distance. # 
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PART E. STRESS SINGULARITY 


Many engineers are aware of the concept of stress concentration: stress is larger at a concave corner than stress at 
locations away from the corner. To accurately evaluate the concentrated stress, finer mesh needs to be used around the 
corner. As a general guideline, an area of higher stress gradient requires finer mesh. 

The degree of stress concentration is related to the radius of the corner: the smaller the radius, the larger the 
concentrated stress. Naturally, a question comes up: what happens if the radius of the concave corner is zero (i.e., a 
sharp angle corner)? The elasticity theory predicts that, in that case, the stress at that sharp corner is infinity. A stress of 
infinity is called a singular stress. 

Fortunately, a corner with zero radius never exists in the real-world. It is difficult to manufacture such a zero-radius 
fillet. It requires a process of infinite-high precision machining. 

However, zero-radius fillets do exist in the virtual-world of simulations. Since many small features such as fillets do 
not significantly affect the global behavior (e.g., deformation) of a structure, these small features are often not modeled in 
the simulation model. The consequence is that zero-radius fillets exist everywhere in a simulation model. 

It is important that the engineers be aware of the existence of stress singularities. Novice engineers often mistakenly 
take the maximum stress as the design stress, while, in fact, that is a singular stress—it doesn't exist in the real-world. 
Always check if the maximum stress occurs at a singular point. If so, the stress is meaningless. If a concentrated stress is 
important, always include the fillet in the model. 


3.5.14 Modify the Geometric Model 


a. 
[1] Close Mechanical. Duplicate the ~ A ¥ B 
Static Structural system. Double-click 1 = Static Structural : 1 
Geometry of the new system [2]. 2 @ EngineeringData Y , 2 @ EngineeringData Y , 
Modify the sketch such that the fillets 3 | @® Geometry ca 3 |G) Geometry - 
become sharp corners [3]. Click Generate 4 | @ Model e 4 | @ Model a. 
to update the surface body. Reduce the 5 @ setup i 5 | A setup -; 
model to half by taking advantage of B® ca : 6|@ sa J 
4] (using Tools/Symmetry) — es a = 
Seay 8 Y Y). 7 | @ Results “ 4 7 | @ Results r » 
We reduce the model because we want to 
: : Static Structural Copy of Static 
use very fine mesh to study stress singularity. 
Close DesignModeler and open Mechanical / 
by double-clicking Model in the new system ff [2] Double-click 
(click Yes to read the upstream data). > [3] Modify the sketch such Geometry. < 
\ that the fillets become + —_____.## 


sharp corners. | 


[4] Use ZXPlane as the 
plane of symmetry. # 
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3.5.15 Modify the Environment Conditions in Mechanical 


a 


[|] Reduce the force to 
half (25,000 N), since the 
= Copy of Static Structural edge now is halved. # 
orce 


Time: 1. s 


( Force: 25000 N 
Components: 25000, 0.N 


Definition 
Type 


3.5.16 Set Up Mesh Controls 


a. 
, , aT 
[1] Right-click Mesh and select 21 Sel h h 

BD Project* Insert/Sizing (or select [2] Select : © NErtexer i 
E~ [@ Model (B4) Mesh/Controls/Sizing from ica ‘ ae eounera) : 

, ee the toolbars). > Cle PPly: }OU May nee 

+ /{ Materials ) to turn on Vertex filter. | 

Yl Construction Geome 

4) 3K Coordinate Sys 

+f) Symmetry —e 

=]~-7&] Mesh = [Tk] (Tr) 


vy Automatic Method Details of "Yertex Sizing” - Sizmg 
oe G[Seope [3] Type 20 (mm) for 
. See ee Scoping Method |Geomety Selection  / Sphere Radius and 2 
=|} Static Structural (B5) 
Hh Analysis Settings (mm) for Element 
vo e,2 e ° 
“ab Fictions Support q|Defaitis ——=SSS*~*~*~*~S*S_C| Size. For the following 
7. Force Suma [No «|| _tudy, we will change 
=|. %} Solution (B6) ‘Type =| Sphee of Influence Element Size and use 
7 hapeagecalacinon 10 times the element size 


© 
¢% X Axis - Directonal Deformation Piswcat Sie |2 can O or at least 3 mm as 
¢@ X Axis - Normal Stress Sphere Radius of 


a it = 09  _>=———— a. influence (3.5.1 7[3-4], 


¢@® Normal Stress iQ next page). . | 
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————_§__—, 


ghlighted, select 

The Mesh hella should look like Quadratic for Element 
this now. | Order, and type 0 for Element 
Size. The zero value is interpreted 


as Default. # 
Xe A 


'gi] Project 
=} (i) Model (B4) 
[+ JB Geometry 
(+) Jw Construction Geometry 


BH Mesh 
Ji. Vertex Sizing 
+) O&A Named Selections 
=)~-y{E] Static Structural (BS) 


Details of "Mesh" 
=|| Display 


LTA Analysis Settings a i Style Use Geometry Setting 
S®, Frictionless Support ae 
¥ 2 Physics Preference Mechanical 
SH Force 
ips element Orcer CSE a 
Se 2 Solution (B6) | Element Size | Default (10.825 mm) O 
go Solution Information = 
+) Sizing 
@ X Axis - Directional Deformation | Quality 
JG X Axis - Normal Stress =| Inflation 
J&B xX Axis - Normal Stress (Unaveraged) =| Advenced 
@® Structural Error +) Statistics 
J@B Normal Stress 
ee 


3.5.17 Perform Simulations 


[2] Highlight X Axis-Normal 
Stress. The stress in the zero- 
radius fillet is not infinite because 
the mesh is not infinitely fine. // 


2g 


Solve 


B: Copy of Static Structural 
Type: Normal Stress Axis) 
Unit: MPa 

Global Coordinate System 
Time 1 


a ie 5 


224.99 Max 
195.98 
166.96 
137.95 
10893 
79.92 
50.906 

21 892 
-7.122 
-36.136 Min 


a. 
[4] Change Sphere Radius and 
Element Size in Vertex Sizing 
(3.5.16[3], last page) and record the 
maximum normal stresses. _ | 
\ Z 


2 
[3] After solving the model, the stress at the zero-radius fillet is 
not infinite, the theoretical value. This is because our mesh is not 


Element Sphere Max Normal Stress 
fine enough. To achieve an infinite value of stress, you need a zero Size (mm) | Radius (mm) (X Axis) (MPa) 
element size. That is, of course, not possible. | 200 «| 22499 

2 20 224.99 
Reduce Sphere Radius and Element Size in Vertex ee 
299.34 


Sizing (3.5.16[3], last page) and record the maximum stress. 


Repeat this and you should obtain a table like [4]. a 395.52 
Interpretation of the data may be easier if we plot them ina / 02 | 3 94.84 
graph ([5], next page). The graph reveals that, as the mesh gets 0. ave 
finer (from right to left), the stress at the sharp corner eventually a ae 779.80 
reaches an infinite value, consistent with the theoretical value. 7 | 00 | 3 973.13 


% 
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_ 1500 
< 
= 
S 1200 
8 [5] As the mesh 
A becomes finer, the 
X 999 L! stress approaches 
= infinity. | 
g 
= 600 
= 
6 
Z 
E 300 
E 
<3 
z= 
0 


0 0.5 1.0 1.5 2.0 


Element Size at the Sharp Corner (mm) 


Remark 


[6] Stress singularity is not limited to concave sharp corners. Any locations that have stress of infinity are called singular 
points. For example, a point of concentrated forces is also a singular point, since a point has zero area. | 


Wrap Up 


[7] Save the project. Close Mechanical and exit Workbench. # 
Ss 


Reference 


|. All Help>Mechanical APDL>Theory Reference>|! 7.6.1. Error Approximation Technique for Displacement-Based 
Problems 
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Section 3.6 


Review 


3.6.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


1. (  ) APDL 7. (_ ) Project Tree 

2. ( _ ) Element Convergence Study 8. ( __) Stress Discontinuity 
3. (__) Environment Conditions 9. ( _ ) Stress Singularity 

4. (__) Inconsistent Unit System l0.(. —_-+) Structural Error 

5. (___ ) Plane Strain Problem l1.( — ) Weak Spring 

6. ( _ ) Plane Stress Problem 

Answers: 


Ll(F) 2() )3(G) 4(E) 5 (C) 6(B) 7(D) & (H) 
9(K) 10O(I1 ) ICA) 


List of Descriptions 


(A ) WhenWorkbench detects a structure as unstable, it adds weak springs on the structure to make it capable of 
withstanding very small external forces. 


(B ) Ina structural simulation problem, if all the stresses in a direction, say Z-direction, vanish, the problem can be 
reduced to a 2D problem. 


(C) Ina structural simulation problem, if all the strains in a direction, say Z-direction, vanish, the problem can be 
reduced to a 2D problem. 


(D) A structured representation of an analysis system and displayed on the Outline in Mechanical. It contains one 
or more simulation models. A simulation model contains one or more Environment branches. 


(E ) A.unit system in which at least one unit is not consistent with other units. For example, mm-kKg-N-s is 
inconsistent, since if mm and kg is used, the force must be mN (milli-newton) instead of N. 
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(F ) ANSYS Parametric Design Language. A set of text-based language that is used to drive ANSYS Classic program. 
(G)_ Include loads, supports, and inertial effects, which apply on the simulation model. 


(H) In the finite element methods, the shape functions are used to interpolate the displacement fields interior to the 
element. Across the element boundaries, the displacement fields are continuous but not smooth. The strains and 
stresses, which are calculated by differentiating the displacement fields, become discontinuous across the element 
boundaries. 


(| ) Foran element, strain energies calculated using averaged stresses and unaveraged stresses are different. The 
difference between these two energy values is called the structural error of the element. The finer the mesh, the smaller 
the structural error. It is used as an indicator for mesh adequacy. 


(J ) Study of how the finite element solutions approach theoretical values as the mesh is getting finer. In 2D, 
quadrilateral elements converge faster than the triangular. In 3D, the order of convergence speeds are, from faster to 
slower, hexahedral, prism, pyramid, and tetrahedral. 


(K_) A stress that has infinitely large value. They are often found at concave fillets of zero radius, or at points subject 
to concentrated forces or displacement constraints. 


3.6.2 Additional Workbench Exercises 


Stress in a Long Cylinder 


Consider the problem described inVM25 of the APDL verification manuall®ef'], Find the radial stress and the hoop stress 
at the inner and outer surfaces and at the middle wall thickness, for both loading cases. Model the problem as (a) an 
axisymmetric problem and (b) a plane strain problem. 


Reference 


|. All Help>Verification Manuals>ANSYS Mechanical APDL Verification Manual//I. Verification Test Case Description//I. 
Introduction//VM25 
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Chapter 4 


3D Solid Modeling 


Creating a 3D geometric model is usually much more elaborate than creating a 2D model. Most of the techniques you've 
learned in Chapters 2 and 3 for 2D cases can be used in 3D cases. Three types of 3D bodies supported by Workbench 
are solid bodies, surface bodies, and line bodies; they may coexist in a 3D model. In this chapter, we will focus on models 
consisting of solid bodies, except Section 4.3, in which a surface body and a solid body constitute a 3D model. Chapters 
6 and 7 will discuss surface bodies and line bodies, respectively. 


Purpose of This Chapter 


This chapter guides students to familiarize themselves with 3D solid modeling using DesignModeler. Four mechanical 
parts are created in this chapter. These models will be used for simulations in the next and later chapters. 


About Each Section 


We start with a beam bracket model in Section 4.1 to introduce the basics of 3D bodies creation. Section 4.2 creates a 
more elaborated model, the cover of a pressure cylinder, to obtain some degree of proficiency at the 3D modeling 
techniques. Section 4.3 creates a model for a lifting fork, a combination of a solid body and a surface body. Section 4.4 
overviews 3D solid bodies creation and manipulation tools in a systematic way, intending to cover what was missed in 
the first three sections. Section 4.5 provides an additional exercise. 
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Section 4.|I 


Beam Bracket 


4.1.1 About the Beam Bracket 


[1] When a steel beam-column structure, such as a high-rise building or a 
manufacturing plant, is constructed, its columns are erected before the beams 
can be elevated, positioned, and welded. The function of a beam bracket [2] is to 
precisely position a beam and safely transfer the loads from the beam to the 
column. The loads are determined by a thorough analysis of the entire structure 
subject to design loads, such as dead load, live load, earthquake, wind load, etc. 

The beam bracket consists of a seat plate (the flange) [3] and a web plate [4]. 
The design considerations include: (a) Would the maximum stress exceed the 
allowable stress? (b) Would the web buckle under the load? 

In this section, we will create a 3D solid model for the beam bracket. The 
model will be used for a static structural analysis in Section 5.1 and a buckling 
analysis in Section 10.3. The 3D solid model will be simplified to a surface model 
in Section 6.2 and the simulation results will be compared with those in Section 
5.1. > 


[2] Beam 
bracket. | 


Global Coordinate System 


[5] To create a geometric model, you need a global coordinate system [6]. For 
2D, it is so trivial that we didn't even mention it. For 3D, you need to pay more 
attention to the global coordinate system. Many students are easily disoriented 
when working with 3D models on a 2D computer screen. In this section, the 
global coordinate system is set up as shown in [7-9]. \, 


[3] Seat 
plate. > 


[7] In this case, the X- 
axis is coincident with x 
the lower edge of the 

flange's back face. | 


[8] The Y-axis passes 
through the middle of the 
web's back face. > 


the Z-axis is automatically defined 
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[6] A global coordinate 
system must be set up in 
your mind before you start 
to build a geometry. <— 


[9] Once X- and Y-axes are defined, 


according to the right-hand rule. # 


plate. 
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4.1.2 Start Up 


& Bracket - Workbench — o x 


Project 
[@) Refresh Project Update Project | $5 ACT Start Page 


+0 * Re ll 


“ 


6) Analysis Systems 


fo Design Assessment 
[1] Start up Workbench a al i? 
anieeae Me Pieces G Fd io “ow lds Po [3] Start up DesignModeler 
Bracket. \, a + @ vote ? by right-click-selecting 
——— ES rod ow (ote ee WP New DesignModeler 
See nti Rests 71@ rests ?. Geometry... # 
_ ee iat save soucwa he 


Ee IC Engine (Fluent) 

£9 IC Engine (Forte) 

& Magnetostatic 

G2 Modal 

(J Modal Acoustics 

@ Random Vibration 

ey Respanse Spectrum 

Rigid Dynamics 

&) Static Acoustics 

[G9 Static Structural CJ — 
9 Steady-State Thermal 

a Thermal-Electric 

fd Topology Optimization 

@ Transient Structural 

Transient Thermal 

ie Turbomachinery Fluid Flow 

& Component Systems v 


[2] Create a Static 
Structural system. { 


v View Al /Customae... | 


@ Double-dick component to edit. IE® 30b Monitor... =) Show Progress _°) Show 0 Messages 


4.1.3 Sketch the Seat Plate on ZXPlane 


yr ti‘ONNOCOwOSNSCSTSCSS ot A= Static Structural - DesrguModele } c -/5} x] 
File Creat Concept Tools Units View Help 7 ; : 
[2] Select lel ie} | | Dua C Soke /* | i Ole |e SSP QQQamagd Ss tal/+lele | ra 
-i¢ )« 6||lc<éw A AA A AA ; -_ 
ZXPlane; it : =o; == =a 
becomes the Birdy) Revolve QySveep GSkinton |) BPehintiaiece QE! ~ QChwner @Bvsin || Orom F — 
active sketching Bladekditor: P@impotBGD g2flod BGD <)/Losd NDF BRbowPeth pf Blde of Sphter aJViteTFExport ~.HxporPomt OSmgeFindZon at [4] The sketching plane's 
aaP 4 1 |g . 7 ‘ at . 
plane. > LSE 2 emmeniinnann local X-axis (global Z- 
\ a Draw axis) becomes 
— horizontal. <— 


7 Foeed 
= Horzontal Z 
re is [5] The sketching plane's 
ie dy Tones local Y-axis (global X-axis) 31 The vj 
[1] Select becomes vertical. | Li] Ter view 
Sailince 180 rotates so you 
ilimatar as aa a ee | look at the active 
peed Sy sos sketching plane. T 
Dele View = * 
the Sketching et eee | 
mode. 1 poets 


[6] And you are looking from the 
local +Z (global +Y) down at acd pie 
ZXPlane. A discussion about the [7] Draw a rectangle of 140x180 


coordinate systems of sketching mm. Impose a Symmetry 
planes is in [8], next page. > constraint for the two horizontal 


lines about the local X-axis. oa 
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The Local Coordinate System of a Sketching Plane 


[8] Each sketching plane has a local coordinate system (3.1.1 1[13], page 119). For the three pre-defined planes 

(XY Plane, YZPlane, and ZXPlane), their first two letters refer to two global axes, which become the local X-axis 
and Y-axis, respectively. The local Z-axis is then defined according to the right-hand rule. For example, ZXPlane's 
local X-axis and local Y-axis coincide with the global Z-axis and global X-axis, respectively [9-11]. | 


Plane View Sketching vs. 3D View Sketching FIL] Local Z-ax 
OCal Z2-axlS 


[12] When the view rotates to look at the sketching plane [3], , 
[10] Local Y-axis 
the local X-axis and local Y-axis of the sketching plane becomes (green). < 


horizontal and vertical, respectively [4-5], and the local Z-axis 
points out toward you. It is a simple rule but may take time to 
get accustomed to. If you have trouble sketching with plane 
view [4-6], alternatively you may sketch in 3D view, as shown in 
[9-11]. The problem of sketching in 3D view is that all angles 
are distorted. For example, a right angle is no longer 90°. For 
most people, sketching with plane view should be more 
convenient. However, choose whichever is suitable for you. In 
this book, we will stick to the plane view sketching. # 


4.1.4 Extrude the Sketch to Create Seat Plate 


=1Bl x! 


On A: Static Structural - DesignModeler [5] Click 
File Creates Concept Tools Units View Help Generate. By 


jd a || © Q Select: "Ty Tyr | ff” 
ie M-M-A-A-A A AAT ‘ 
[2] Click len J | Cs - J Generate @PShare Topology [5] Parameters 
GaRevolve BSweep SB SkinLoft ThinMirface Q Blend - © Chamfer Mp Sh 


— 
peenuee. itor’ EaImport BGD gSflLoad BOD |/\Load NDF | S$FlowPath pf Blade g@Spliter =JVi 
c . ~ | oe 


QRQMQAEMHW A Se 19 


7 


[6] By default, the 
sketch is extruded 
along the local +Z 
direction. # 


ne 4 SectorCut ye ThroatArea 


| Loy 
"4 


BN 
[1] Click the small 


A: State Structural 


ya XYPlane a i 

ie ee [3] Click Apply. By cyan sphere to view 
vate YZPlane : the model 

cs ‘é Extrude! default, the active sketch 


A Mp 1 Part, 1 Body 


: isometrically. <— 
is automatically selected / 


as Geometry. | 


=|)Geometry Selectioa: 1 
Sketch Sketch! 


@ Realy [4] Type 16 (mm) 5 No Selection Millimeter Degree 0 0 
for Depth. { 
go 
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4.1.5 Sketch the Web Plate on YZPlane — : 


[3] Click Look At. | 


Dn A: Static Structural - DesignModeler 
| File Create Concept Tools Units View Help 


Lied fel | Go || OUwto keto |/Seect | *y E- | iO e- | ew Se Qgawmans 


7 ti || 2k @ 4 


Naik An Be Ae OF 
[!] Select > of. | Sketoh2 _ie |] +) Generate GPShare Topology ‘FE lParemeters i 
YZPlane. | Extrpde @BRevolve GySveep Skint | [BThinSurtace Blend - QChamfer Mle || @Point Conversion 


feeieei ee (]Load BGD | >\Load NDF SBAlowPath p/Blde ef Splitter =) VisteTFExport “.ExportPoints MOStageFluidZone gf SectorCut oq Thioatdres 
JB Ss = CTS ee] 2. J |e eae 


[5] The local Y-axis 
(global Z-axis) 
becomes vertical. | 


[7] Using the Polyline tool, 
draw a sketch like this. 
Specify the dimensions. # 


[4] The local X- 
axis (global Y- 
axis) becomes 

horizontal. 


C) 140 


[2] Switch to 
the Sketching 
mode. 7 


Sketch Vishility Show Sketch 
‘Show Constaints? | No 


=| Dimensions: 4 


20) ven 


ia 1184 ron 

/¥i 140 mm . 

va Ex le [6] And you are looking 
5 General -- Select point or 2D Edge for dimension or use RMB for options ‘No Selection from the local +Z 


(global +X) down at 
YZPlane. \. 


ee = 


4.1.6 Extrude the Sketch to Create Web Plate 
ic 4 -inixi 


File Create Concept Tools Units View Help 
ee o / Om Cm |emely lm Cenerate. ‘} aqagaasalilel in 
P La Ar Ar Ao fe a : 
[2] Click eee > 2] ) @p Share Topology FE]Paremetors aT Click the 
GaRevolve &Swveep HSkinloft | frfoce @QBlend ~ QChanfer G@PSlce | @Pot B Conversion small cyan 
peaeruce: X% iB <p\Load NDF BFlowPath pf Blade g@ Splitter JViswTFExport “\ExporiPoints MDStgeFiuidZone @S sphere to view 
= Js is . -|\asme the model 


isometrically. <— 
[3] Click Apply. The 
active sketch is 
automatically selected as 
Geometry. | 


a [4] Select Both - 
+  & Symmetric for 
Direction. — 


[7] After the symmetric 
extrusion, the total thickness 
is |Omm. # 


[5] Type 5 (mm) for . 
Depth. 7 
\ 
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4.1.7 Create Rounds for the Flange [|] Turn off Display 
Plane. | 


Dr A: Static Structural - DesignModeler 
| File Create Concept Tools Units View Help 
[3M | |] Dono zen ||saet 
L_iwwwres fa 
| -YoPlane > of. | Skewh2 + #3 |) 


| BB extrtk Pa Revolve @ Sweet § SkivLoft » 


[7] Click 
Generate. # JQqqmaa® 


— 4 


|BladeEditor: §Almport BGD fZ}Losd BGD (DiLoad NDF | Siow @ Fee [2] Select Blend/ A SectoxCut ee ThrostiArea | 
[eRe = Cee : -@ Variable Radius Fixed Radius. | | 


<t Vertex Blend 


[3] Select this 
edge. / 


[6] Type 16 (mm) 
for Radius. {| 


[4] And control-select this 
edge. You may need to 
rotate the model (using 
middle-click-drag, see 
2.1.7[7], page 64). <— 


< —_ 


4.1.8 Create Fillets 


OD") &: Static Structural - DesignModeler 
| File Create Concept Tools Units Yew Help 

JAE] || Dunc Greto ||Seker *y 
[Me fy 4-4 AOA 
| YZPlene ~ of. | Skewh2 * Pi || 


Extrode gi Revol Sweet § skovLoft ’ 


[6] Click 
Generate. # 


(BladeBditor: AAImpot BED fZfioed BCD |:>\Load NDF | S$ FlovPs @ Dist TFExport “~.ExportPoints muiStegeFlnidZone gf SectorCut fe ThrostArea 
| e&RS = CBee . —@ Variable Radius 


ntluy rraphit << Vertex Blend 


[5] Type 10 (mm) 
for Radius. 7 


[3] And 
control-select 
this edge. <— 


[2] Select 
this edge. — 


[4] Click 
Apply. | 


IN Selection (Millimeter Degree 0 (0s 


[ <7 Fixed-Radius Blend Creation -- Select 3D edges, switch to selecting faces, or edit blend radius 
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4.1.9 Turn Off Edges Display 


View Help 
¥ Shaded Exterior and Edges 


shaded Exterior 


Wireframe 
Graphics Options 


¥ Frozen Body Transparency 
Edge Joints 

¥ Cross Section Alignments 
Display Edge Direction 
Display Vertices 
Cross Section Solids 


[I] Select View/ 
Shaded Exterior 
to disable the display 
of edges. | 


Ruler 
¥ Triad 


“Wrap Up 


[2] Close DesignModeler, save the project, and exit Workbench. # 
‘ 7 
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Section 4.2 


Cover of Pressure Cylinder 


4.2.1 About the Cylinder Cover 


[|] The pressure cylinder [2] contains a gas of 0.5 MPa. The cylinder cover [3-5] 
is made of a carbon-fiber reinforced plastic. In this section, we want to create a 
3D solid model for the cover; the model will be used for a static structural 
simulation in Section 5.2 to investigate the deformation under pressure. /“ 


al [2] Pressure 
— cylinder. / 


[4] A 3D view of 
the cover. | 


[3] Cylinder 
Cover. > 


[5] Another view 
of the cover. # 


62.0 


@Seismicisolation 


180 Chapter 4 3D Solid Modeling 


4.2.2 Start Up 


[|] Start up a new 
project and save 
the project as 
Cover. \, 


& Cover - Workbench 


4: Analysis systems 
“@ Design Assessment _ 
63 Eigenvalue Buckling 
Electric 


Explicit Dynamics 


Fluid Flow - Blow Molding (Polyfio 


Fluid Flow - Extrusion (Polyflow) 


& Fluid Flow (CFX) 

© Fluid Flow (Fluent) 

Fluid Flow (Potyflow) 

G3 Harmonic Acoustics 

@3 Harmonic Response 

@) Hydrodynamic Diffraction 

@ Hydrodynamic Response 

£e§ IC Engine (Fluent) 

. IC Engine (Forte) 
Magnetostatic 

@ Modal 

EY Modal Acoustics 

@® Random vibration 

@ Response Spectrum 
Rigid Dynamics 

Gd Static Acoustics 

[Gd Statc Structural Ss (J 

EB Steady-State Thermal 

Therma!-Electric 

EJ Topology Optimization 


[3] Start up 


DesignModeler. # 


Static Structural 


\ 


[2] Create a Static 
Structural system. { 


Ps 


Transient Structural 

€* Transient Thermal 

© Turbomachinery Fluid Flow 
a = Companent Systems _ 


aor fr. 2% 


[: = i View All / Customize... | 


@ Double-click component to edit. BEE dob Monitor... ©) Show Progress °) Show 0 Messages 


4.2.3 Create Base Plate 


JO 
[1] Select Millimeter as the length unit. Draw a 
sketch like this on XYPlane. It is symmetric 
about X-axis and about Y-axis. Impose an Equal 
Length on the straight edges. > 


. 
ey. 
. 


[2] Extrude |.3 mm. 
Remember to click 
Generate. # 


‘ 
"Sy 
. 
‘sy 
%e 
ry 
*. 
‘. 
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4.2.4 Create a New Sketching Plane 


[|] Click New 


Plane. Plane4 
is created. | 


/ 


[4] Click this face at a 
location near the 
lower-left corner. \, 


=|) A: Static Structural 
+) of. XYPlane 
yt ZXPlane 
vote YZPlane 
+) (BR Extrodel 
He Planed 
+) WG 1 Part, 1 Body 


. 
Se, 
. 
. 
. 
‘s 
. 
Ss 
s 
“Ss 
e 
Sy 
e 
. 
Se 
me 
ty 


Sketching Modeling | [2] Select 
Details View | From Face. | 
| Details of Plane4 


[6] And click 
Apply. | 


Sekchd 
Use Aao Centers fox Ongin? Yes (I [5] The location where you click determines 
Transform 1 RMB) " not only the origin but also the axes. If your 
Reverse Normel/Z-Axis? [No | , coordinate system is not like this, click again 
FipX¥-Ams? [No il still eniteptae a until the coordinate system is exactly the 
Export Cocudinate System? [No vee ote cae one same as here. Note that the red-arrow 
" (local X-axis) points downward. <— 
——— 
[10] Also note that Outline Plane [8] You can visually see the 
a — is the default Subtype; see an change of the local coordinate 


explanation in 4.2.5[5], next page. # system when you type a 
transformation in [7]. Note 


that this local coordinate 
system is the same as the global 
except their origins are |.3 mm 

apart in Z-direction. / 


Outline Plane 
Bass Foe 
Use Axc Centers for Ongin? 
Rate stout O= 
Tanta 2 MED 


[7] Set up the 
transformations like 
this. (After setting up 
a transformation, 


FD2, Value 2 31 vm O another will show | *... 
Tiensfarm 3 (RMB) up.) The purpose of 
FDS, Value 3 27.6 rem O the transformations is 


Tanto 4B) Nowe 
Reverse Nowmel/Z-Asas? No 
Flip XY¥-Axes? No 

lo 


Export Coovdinate System? | N 


to set up a 
coordinate system as 
shown in [8]. 7 


‘s J 
sO ST. 
-——__________-24, 
[9] Click Generate to 
=f Generate complete the creation of 
the plane. f 
@ a a 
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4.2.5 Duplicate the Plane Outline c: Click Look At. | | 


Dri.A: Static Structural - DesignModeler 
| File Create Concept Tools Units View Help 
| 2 bed | || Donte Geto | [Select /*_ h- | MP RMA V-| Rw S+QQgQghQaa S tallt 
[1] The newly created EW A At Ae A A A 


ae * 83 || AGenerete Shwe Topology [FePormewrs 
ele automatically phe BBRevolve BySweep @BSkivLoft || PThinSutace Blend ~ QChamfer GPSlice || PPoint FConversp 
ecomes active. — BladeEditor: @4importBGD g2fLoad BGD [p\Loed NDF | SBFowPeth p/Blede pe? Splitter JVisteTFExport \\ ExporiPoint , a 
whe = (OS - Saas [3] Turn off Display 


Model. / 


i) Se 
thon 


A: Static Structural 
vote XYPlane 
vote ZXPlane 
vote YZPlane 
+) 1B Extrode! 

vate Plane4 
| Mp 1 Part, | Body 


[4] Now the active plane is the only 
entity on the graphics window. The plane 
includes an outline. We will create a 
sketch on this plane. | 


F08,Vohe? [206mm | {| nal ny [Panta] 
@ Ready No Selection ‘Millimeter Degree 0 0 


Outline Plane 


[5] When a plane is derived from a face and its Subtype is Outline Plane, the face outline will be included in the 
plane. The outline is not a geometric entity; it can be used as a reference, or datum, just like an X-axis or Y-axis can be 
used as a datum. It also can be duplicated to create geometric entities, as demonstrated in [6-9]. 


OMA: Static Structural - DesignModeler 
| File Cyeate Concept Tools Units View Help 
| 2) bed | || Dodo Reto | |Sekct|*y Qe |[l MO e- |e w St QQQgahQaakt tail4 Sle | ra Clear Selection 
M-W- 4-4-4. A AOA 
Plane4 ~ of. | Sketwh2 > I | </Generste GPShare Topology [25|Parameters 
GExtude GBRevolve Q Sweep QB SkinLoft WFR ThinSurface QBlend ~ QChamier GP Slice @ Point F) Conversion 
BladeEditor: AgImpotBGD fSfload BGD <>\LoaiNDF  SBFlowPath pf Blade pf Splitter J Visa TFExport “\ExportPoints MiUStageFludZone gf SectorCut ec Throathree 
i C 35s ie : -|\ae ae 
Sietching To o es i j 


Duplicate Selection 


selection Filter 


Isometric ¥iew 


7 [8] Right-click the 


graphic area and 
select Duplicate 


[6] Switch to the Sketching 
mode and select Duplicate 


¢> Split 


=| Drag . 
Yonica from the Modify toolbox. | Selection. | 
Ba Copy (Ctl C) y ; 

Opa Pests Ctl ¥) ook Af 

wp Move 


a Repheate ~~ Delete 


=} Generate (F5) 


»> Spline Edit 


Dimensions 
Constraints 
Settings 


i 


[9] Geometric entities (blue- 


= [7] Select all the 8 segments colored) are created. They 
= of the plane outline. You may coincide with the plane 
Sweh Vistiiy! Use sweep-selection method outline (black-colored). # 
@ Pwiese-| Or box selection method. 7 [P®?=*= fies 
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ee 


4.2.6 Finish the Sketch [2] Specify the location of 
the circle (7.4, 7.4 mm). / 


a, 
[4] Replicate the two circles 
three times. Use the plane origin 
as handle, rotate 90° each time, 
and paste at the plane origin. 
Press ESC to end the tool. | 


[3] Draw a concentric 
circle and specify its 
radius (9 mm). \ 


il — [l] Draw a Circle — becccsss 
and specify its radius 
(3.2 mm). Tf 


7 


[6] Draw four concentric circles and specify 
their radii (27.8, 25.4, 18.1, 14.5 mm). \ 


[7] Trim away 
unwanted segments 


(see [8]). | 


[8] After 
trimming. | | 


[5] Apply the Offset tool 
(2.2.1 2[ 1-6], page 77) on the 8 
segments that are duplicated 
from the plane outline (zoom in 
if necessary to select the arcs) 
to create these segments. 
Specify a horizontal dimension 
(2.3 mm) for the offset value. { 

hs 
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™* 
[9] Draw two vertical 


lines, impose Symmetry, 
and specify a horizontal 
dimension (1.6 mm). | 


# 


( [10] Replicate the last two segments seven 
times. Use the plane origin as handle, rotate 45° 
each time, and paste at the plane origin. If you 
have trouble duplicating at a horizontal position, 
undo it and try other ways; you ran into the same 


problems as | did (see [I 1]). \ 


Me 7 


- 
[12] Trim away 
unwanted segments 


(see [13]). < 


[13] After 


trimming. # 


eer Ue Tree STi ry Sere rr) Ss rr Cr) 


ae, tI 


/ \ 
[|] Extrude 
30.3 mm. \, 


-~ ff 


\ 
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[3] The extruded 
solid body. # 


[2] Click 
Generate. | 


¥Y Generate 


Po ~=a 


Working with Complicated Sketches 


[11] When you are working with a complicated 
sketch like this one, things may not be smooth. You 
have to pan, zoom, turn on/off display modes 
frequently. Therefore, being familiar with the 
viewing control tools is crucial. The worst is that 
some peculiar behaviors may happen. For example, 
the replications [10] at horizontal positions may not 
be successful. These peculiar behaviors are possibly 
due to some unnecessary constraints automatically 
imposed (2.3.5, page 84). Fortunately these small 
problems usually can be easily circumvented by 
trying other methods. \, 
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4.2.8 Create a New Plane and Draw a Circle on the Plane 


[1] Click New 
Plane. PlaneS§ is 


created. | 


yf 


[2] Select 
From Face. | 


[3] Click the yellow area in 
the Details and select this 
face. If your coordinate 
system is not like this, try to 
click other locations until it 
is exactly the same as here. 
Note that the red-arrow (X- 
axis) points rightward. <— 


a 
5 Sq 
%y 


— [4] Click Apply. | 
[6] Switch to the 


J Gaowe [5] Click Sketching mode and 
Generate. — draw a circle on the 
oy newly created plane 


and specify its radius 
(25.4 mm). # 


4.2.9 Extrude to Cut Material 
| [1] Click | 
Extrude. L) 
[RExtude O 
sy 


[2] Select Cut 
Material. | 


[3] The direction 
Direction is automatically 


PDI, DOO [Sum Q 


reversed. | 


All Bodies \ 


rlejz|* 


: 


—|Geometyy Selection: 1 =f [4] Type 5 
a [5] Click Generate. 
Depth. — Some material is 


removed. # 
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4.2.10 Create New Sketch on XYPlane and Draw Circles 


' ne. 
[3] Draw a circle and specify 
its location (7.4, 7.4 mm) and 

radius (4.9 mm). / 


/ 
[2] Click New Sketch. Sketch4 
is created on XYPlane. — 


[1] Select 
XY Plane to 
activate it 7 


[4] Replicate the circle 
three times. Use the plane 
origin as handle, rotate 90° 
each time, and paste at the 
plane origin. Press ESC to 
end the tool. | 


Create Second Sketch on a Plane 


[5] A plane may contain multiple sketches. When you begin to draw on a fresh plane, a sketch is automatically created; 
you don't have to explicitly click New Sketch as in [2], although there is no harm in doing that. When you want to 
add a second sketch on a plane, you MUST explicitly click New Sketch, otherwise the entities you draw will become 
part of the first sketch. # 


4.2.11 Extrude to Cut Material 


— [1] Click [4] Click [5] Some material is 
BiExinde | Extrude. | Z Generate © Generate. — removed. # 
J 


y- “= a 


“Sy 


{ [2] Select Cut 


, mastered. | 
Dincton 
— [3] Type 2! (mm) 
| for Depth. 7 
% 
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4.2.12 Create Another Sketch on XYPlane and Draw a Circle 


[|] Click New Sketch. 
SketchS is created on 
XYPlane. / 


XYPlane ~| De | SketchS 


[2] Draw a circle 
and specify its 
radius (19 mm). # 


4.2.13 Extrude to Add Material 


[5] Some material 
is added. # 


[4] Click 
Generate. — 


Bin Leet {1 Chk $nen 


[2] Select 
Reversed for 
Direction. | 


[3] Type 3 (mm) 
for Depth. 7 
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42.14 Create a Plane on a Side Wall and Two Sketches on the Plane 


[3] Click the yellow area 
in the Details and click 
this face near here. If 
your coordinate system is 
not like this, try to click 
different locations until it 
is exactly the same as 
here. Note that the red- 
arrow (X-axis) points 
downward. <— 


[1] Click New Plane. 
Plane6 is created. 


Y 


[4] Click 
Apply. \ 


é 

[6] Draw a circle on 

the newly created } Generate 

plane. Specify its 
| position (27.6, 20.3 
: mm) and radius (8.5 
mm). This sketch is [5] Click 
Sketch6. / Generate. <— 
- % ) 

> 

—_ — [7] Click New Sketch. [8] Draw a smaller concentric 


Sketch7 is created on the 


circle and specify its radius 
same plane. > 


(7.5 mm). # 


|| Flanes > oh | Sketch? Z 
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4.2.15 Complete the Model 


= [1] Click | 
Extrude. | 


/ 


[6] A solid cylinder is 
added to the model. / 


[2] Select Sketché6 from 
the model tree (the larger 
circle) and click Apply. | 


Details of Extrade6 
Extrude6 


ses OS 


None (Normel) 
Reverxsed 


Yes 


aie 


[3] Select 
= Reversed. | | 


ERT atE 
ale eel 
rg) | & 


[4] Type |5 (mm) 


8] Select 
A erBeEet’ sheets from the 
model tree and 
click Apply. | 
a ]| Details of Extrade? 
Fe nl 
, 
— Generate O ete [9] Select Cut 
Generate. / a Vector a Material. | 
Dinctin | Revesnd a 
Bit ye (Find 
ER Extrude 7] Click Extrude [ FDL, Dep@O)|St em 
again. > As ThinSutece? No [10] ; 
[Taxget Bodies __| All Bodies Reversed IS 
Meige Topology? | Yes | automatically 
¥ Generate o_- [12] Click =| Geometry Selection: 1 selected. | 
Generate. | Sketch | Sketch? | | 


[! 1] Type a Depth cutting the 
material through the length of the 
solid cylinder [6], say 31 (mm). <— 


[13] The solid 
cylinder becomes 
hollow. | 


x * 
Wrap Up 

[15] Close DesignModeler, save the project, and exit Workbench. # 

\ oe 
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section 4.3 . 


& > 
Lifting Fork ae 
4.3.1 About the Lifting Fork 
[I] The lifting fork [2-6] is used in an LCD (liquid ” GQ 
crystal display) manufacturing factory to handle glass ) — 
panels. The glass panel is large (2.5 m x 2.2 m) and thin y = on > 


(1.0 mm) and the engineers are concerned about its 
deflections during the dynamic handling, which is a 
critical parameter in the design of a precision machine 


handling process. Another important parameter is the 
time before the panel's vibrations cease. 

In this section, we will model the fork as a solid 
body and the glass panel as a surface body. The model 
will be used for simulations in Section 12.2. > 


[6] The cross section here is [5] The cross section here is [4] The cross section here is 
100x!0 mm. # 130x20 mm. <— 160x40 mm. <— 


Unit: mm. 


200 


2500 00 
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4.3.2 Start Up 


i 


[1] Launch Workbench 
and save the project as 
Fork. \, 

Ms _—_____s# 


& Fork - Workbench 


& Analysis Systems a 
rz] Design Assessment 
Eigenvalue Buckling 
& electric 
ES Explicit Dynamics 
Fluid Flow - Blow Molding (Polyfio 
©& Fluid Flow - Extrusion (Polyflow) 
Fluid Flow (CFX) 
(J Fluid Flow (Fluent) 
( Fluid Flow (Polyfiow) 
EJ Harmonic Acoustics 
@ Harmonic Response 
Hydrodynamic Diffraction 
@ Hydrodynamic Response 
£4 IC Engine (Fluent) 
23 IC Engine (Forte) 
Magnetostatic 
GB Modal 
EQ Modal Acoustics 
GB Random Vibration 
ra Response Spectrum 
a Rigid Dynamics 
kJ Static Acoustics 
| Ga Static Structural 
EG} Steady-State Thermal 
@) Thermal-Electric 
EJ Topology Opbmization 
Ee Transient Structural 
Transient Thermal 
€3 Turbomachinery Fluid Flow 
& Component Systems v 


We View Al { Customize... 


i Double-click component to edit. 


4.3.3 Create a Iransversal Beam 


[2] Extrude 
200 mm; see 
[3] for the 
details. > 


*%, 


[1] Select Millimeter as the length unit. Draw 
a rectangle on XYPlane. The rectangle is 
symmetric about Y-axis, and the top edge is 

coincident with X-axis. 


r [3] The details of 
Extrudel. 
Remember to click 
Generate. _! 


Static Structural 


[2] Create a Static 
Structural system. { 


\ 


PA 


Section 43 Lifting Fork 191 


# 


[3] Start up 
DesignModeler. # 


FE® tob Monitor... = )Show Progress .°) Show 0 Messages 


ee 


Geamnatiy Shetch! O 
sa a 
Direction Vector None (Normal) 
Duecton Normel 


Fi 
mw 0 
: 

Mexge Topology? Yes 

=]| Geometry Selection: 1 

Sketch Sketch! 
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Skin/Loft 


[4] Now we want to create a prong (or finger). The prong is then duplicated to create 3 additional prongs. The prong's 
cross section is not uniform, and it cannot be created using Extrude or Sweep. A way to create a solid body of 


different cross sections along its length is using Skin/Lofe¢, which takes a series of profiles from different planes and 
creates a solid (or surface) that fits through these profiles. 


You may view Sweep as a special case of Skin/Loft and Extrude as a special case of Sweep. # 


4.3.4 Create Three Planes Based on a Face of the Beam 


[1] All three planes will be created based on 
this face. When you select this face, make sure 
the origin of the coordinate system is at the 
bottom-right corner and the three axes are, 
respectively, parallel to the global axes. \, 


. 
Sets 
Meg My 

- . 

se 


Ye, 
oe 
, se, 
%s, 


[2] Create 
Plane4; see [3]. | 


. 
Se, ., 
“Nos 
%, 
A 
ets 
say Me 
sts, 
ey ee ee OI 
Ree gE 
i a, ce il. 16 
we . 
se 


Me, 


es 

Na, fe, 

ws 
Na tee, 
Mee 
see te, 

k meets 
A TO 
i er cc (ii. SLT 
nes 


i ee | 
a [4] Create Plane5; ee 
“sy, 


Sn, see [5]. | — Mu . 
i, ~~ 
owe or | Z % 


%s, 
one 
. 
se, 
te 
. 
s 
'. 
se, 
. 
“. 
%e 
ay 
Mey 
%e 
a) 


*, 
. 
aa, 
Nett, 
we, ary 
Sse, 
Ss, 


%, 


[6] Create Plane6; | 


see [7]. | —. 7 


See, 


se 


a 

[7] Details of oy [5] Details of of 
Plane6é. # Plane5. \ ( [3] Details of he 
1 ry Plane4. \ _ 


Details of PlaaeS 


Plane PlaneS 
Siete 
Tne «Pom Pive 


ubtype Subtype Outline Plane 
Base Face Selected O 
Use Axo Centexs Use Asc Centers for Origin? 


; 
O 


Teneo GMB) ——_‘OtbetZ—__O 


PD, Va 


Seas O 
Use Am Centers for Onigin? 


me) 
S 
5 

Ll 


Export Coondinate System? | No 


- Generate </ Generate ~2 Generate 


) 
) 
) 
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4.3.5 Create a Sketch on Each Plane 


[1] Create this sketch 
(Sketch2) on Plane4. | 


[2] Create this sketch 


20 (Sketch3) on PlaneS. | 


| 


[3] Create this sketch 
(Sketch4) on Planeé. # 


re ee ee ee _—_ 
4.3.6 Create a Prong by Skin/Loft 
_ 4] Click 
> — 


[I] Click Skin/Loft 
on the toolbar. | 
\ 


» 
[2] In the model tree, control-select 
Sketch2, Sketch3, and Sketch4, and 


¥ 
+) /& 1 Part, | Body 


Sketching Modeling | 


nls View a click Apply. A grey lofting guide line 
=| Details of Skial appears. If your lofting guide line is not 
Skin/Loft Skinl correct, it can be resolved by right-clicking 
patie Seto ton Hathon | Selact Slr cales anywhere and selecting Fix Guide Line 
eam ee to redefine the lofting guide line. | 
Operation Add Frozen C) 
As ThinSurface? No N 
Meige Topology? No 
[=]| Profiles 
— seek [3] Select Add [5] A prong is created as a 
as Frozen. 7 frozen body since we want 
\ / the prong separate from the 
ay transversal beam for now. # 
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4.3.7, Duplicate the Prong Using Pattern 


Create Concept Tools Units ¥1 
>. New Plane 
Extrude 

és Revolve 

@ Sweep 

& skin/Loft 
(& ThinSurface 


@ Foed Radius Blend 
@, Variable Radius Blend 
<t Vertex Blend 

® Chamter 


ee) 
a Body Operation 
Body Transformatt 


[Gy Boolean [I] Select Create/ 
if) Slice Pattern. \, 
Delete 


@ Point 


Promitives 


i” 

[7] Click this button to 
reverse the direction until 
the direction is leftward as 

shown in [6]. 7 


re 
4 


é 


| 


[10] Click 
Generate. # 


[2] Select this 


‘Details of Pattem1 
/Pattem | Pattem1 
Pattem Type | Linear 


‘Geometry 1 Body 


FD1, Offset | 30 mir 
| FDS, Copies (>0) | 1 


[3] Click Apply. | 
7 


[4] Click the yellow 
area to bring up 
Apply/Cancel. / 


i 7 


- =“ 
[5] Select this edge to 
define the direction. \, 


body. 7 
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|| Details of Pattem] 


| Pathe 

Pattem Type 
[Dieotion, 

FDI, Offset 


[9] Type 480 
(mm) for Offset 
and 3 for 
Copies. / 


[6] If the red arrow 
does not point to 
the left... <— 
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4.3.8 Combine the Bodies Using Boolean 


[2] Unite is the 
Create Concept Tools Units ¥i default operation. 


4. New Plane 


(R Extrude 


cite Revolve 
G, Sweep 
@ SkinLott 
Thin/Surtace f 


fo 
[4] Click 
Generate. # 
\ J 


[3] Control-select all 
the five bodies and click 


Apply. — 


@ Fixed Radius Blend 
@ Variable Radins Blend 
<0 Vertex Blend 

® Chamfer FON 
Peuvth [|] Select Create/ 
ina Body Operation Boolean. 7 


Body Transformatioy 
Tay Boolean & 


¥ Generate 


| 


i Slice 

Delete > 
@ Point 

Primitives > 
| 


4.3.9 Create a Surface Body for the Glass Panel 


[1] On ZXPlane, draw 
a rectangle like this. The 
rectangle is symmetric 
about the local X-axis. , | 
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Concept Tools Units View |] 


Details of SurfaceSkl 


a 
rnin lO 


Thickness (>=0) 


“wo Lines From Points 
5) Lines From Sketches 
[F) Lines From Edges 
\A, 3D Curve 

“w Split Edges 

> Surfaces From Edges 
Surfaces From Sketches @ 
§ Surfaces From Faces ) 


a 


éa pia Z " [2] Select [5] Type | (mm) for the thickness of 
Toss Hechon | Concept/ the glass panel. This thickness will be 
Siipiacae Reont exported to Mechanical. | 
Sketches. /” SS 
[6] Click 
Generate. <— 


[7] Although we set Add Material for 
Operation [4], the surface body does not add 
to the solid body. It is in effect an Add Frozen 
operation and the glass is created as a separate —~<y_ 
body. This is because different body types cannot 

be combined to form a single body. \, 


¥Y Generate 


Glass, respectively. Note that 
the two bodies are treated as 
two parts. Each part will be 
meshed independently. | 
\. Z 


Wrap Up 


[9] Close DesignModeler, save the project, and exit Workbench. # 
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Apply. | 


(see [7]). < 


El) _ jg] A: Static Structural 


=|) >t. EYPlane 
ye) Sketch! 
=|) yf. ZXPlane 
ye Sketchs 
vote YZPlane 
=| / (R Extrude! 
ye Sketch! 
=|.) of. Plane4 
yo) Sketch2 
=) fe Plane5 
ye) Sketch3 
=| yf. Planes 
ye Sketchd 
=), @ Skinl 
yd) Sketch2 
yee) Sketch3 
vel Sketch4 
vba Pattem! 


/Q Boolean! 
ve surfacesk! 


vcd) Sketch5 


ip 2farts 3 Bodies 


“= y w wa [8] Right-click to rename the aera) 
“~S intl wa two bodies as Fork and eee 


[3] Select the newly 
created sketch 
(Sketch5) from the 
model tree and click 


[4] Leave Add 
Material unchanged 
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an 
‘ 
-~s @ . 
a-e sa 
oh ae oS fame Ge tete Tee ul 
Biles Ghee Qe OR Bee Ge Ge GE he Bene 
hte (ahs Ewer Bante (he Shee Sales beatae Gthyfaiin Chews « hee Nemmee 
“ . . eve, 
SaaS , — 
es ee eee | 
& = 


More Details en 


4.4.1 DesignModeler GUI Revisit 


[1] In Section 2.3, we've overviewed DesignModeler GUI, yet skipped some 3D tools, such as view orientations 


[2-4], and selection tools [5-7]. Also on the toolbar are tools to create 3D features [8]. These tools will be covered in 
this section. \, 


Shi A: Static Structural - DesignModeler .— lL -/0) x) 
File Create Concept Tools Units View Help 
2) el fl | @ || Dont @ Select: | 
[OB AA AA A 
| YZPlane + pe Sketoh2 ~ ML 
Extrude Revolve Sweep @Skr76 
BladeEditor: G@ImportBGD fEfLoa” 
BRS = (Se 


[3] Isometric 
view. 4 


[8] Tools to create 
3D features. # 


[5] Selection 


filters. > [4] Rotate. — 


: hd} 
) & FBkend2 
Mp 1 Part, 1 Body 


[6] Extend 
selection. “/ 


Sketching Moialixe | | [2] Triad. i} 
Details Vi a 
[7] Selection 
panes. 
——— 
Model View | Pant Preview 
g Ready No Selection Millimeter Degree O 0 


4.4.2 Principal Views and Isometric Views 


TriadlRef !] 


[1] On the bottom-right corner of the GUI is a triad (4.4.1 [2]); clicking an arrow will rotate the view such that the view 
is normal to that arrow ([2], next page). Moving the mouse over the negative side of an arrow will reveal a black arrow 
([3], next page), which represents the negative direction of the arrow. You may click a black arrow to rotate the view. 


Accompanying the triad is a small cyan sphere. When you rotate the view, the triad and the small cyan sphere will 
rotate accordingly. The small sphere represents a point located at an "isometric axis," which is a collection of points 
having the same magnitude of coordinates (but could be different in signs) in all three axes. Its initial position is (1, |, 1). 
Thus, if the sphere coincides with the origin, that means your view is an isometric view [4]. When the sphere does not 
coincide with the origin, clicking the sphere will rotate to an isometric view [5]. | | 
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lsometric View Ref 2] 


[2] Clicking an 
[4] If the cyan 
sphere coincides 
with the origin, that 
means the view is an 
isometric view. 


arrow will rotate 
the view. \, 


[6] As mentioned, the small cyan sphere 
represents an isometric direction and its initial 
position is (I, 1, 1). In 3D space, there are a 


total of 8 such directions. For example: (-I, |, 
|), (1,-I, 1), etc. These are all isometric views. 
When you click Isometric View (4.4.1 [3], 


; [5] Clicking 
last page), the view will rotate to the isometric the cyan [3] A black arrow 
view closest to the current view. # sphere will represents a 
_ rotate to an si negative 
isometric , direction. f 


view. <— 


4.4.3 View RotationslRef 3] 


Rotate with Middle Mouse Button 


[1] Holding the middle mouse button down while moving the mouse around the 
graphic area, you can rotate the view [2]. It is simple and convenient. — [2] Holding the middle 

mouse button down while 
moving the mouse around 
the graphic area, you can 


rotate the view. <— 


Rotate tool 


[3] The Rotate tool (4.4.1 [4], last page) gives you more controls than using the 
middle mouse button [1-2] for rotating the view. After activating the Rotate tool 
by clicking it, the mouse cursor becomes one of the four shapes [4-7], depending 
on the location of your mouse cursor as shown in [8]: free rotation [4] when the 
cursor is near the center of the graphics window; roll [5] when the cursor is away 
from the center; yaw [6] when the cursor is near the vertical edges; pitch [7] when 
the cursor is near the horizontal edges. 

By default, the model center is the center of rotation. You can set the center 
of rotation (a red sphere) by clicking on the model. The red sphere will stay in the 
middle of the graphics window. To restore the center of rotation to the model [8] The type of rotation 
center, click anywhere in the graphics window away from the model. This will re- depends on the location of 
center the model at the middle of the graphics window. | the cursor. # 


[4] Free 
rotation. <— 


[5] Roll, rotation 
about screen Z- 
axis. > 
[6] Yaw, rotation 
about screen 
Y-axis. <— 


[7] Pitch, rotation 
about screen X- 
axis. — 
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4.4.4 Mouse Cursor 


+ RB, K ww 
Rae Ry Oe BQ Ry Rg QR Re so ? ie ff f = 
+ +7 +Z 2Dime 2Dpoirt Body BoxZoom Edge Iso Pan PanSelect Pitch PitchSelect PtRotate 
Rw CG x w~ Kw xf E H T U 
: G Bw = BB F F FS gp gf Lf Re Xo 
PtRotateSel.. Roll RollSelect Rotate RotateSelect selectnext SelectRotati.. SketchCoin SketchHoriz Sketching SketchTang  SketchVert Spot Surface 
| Q % 
te gz & hy % ky & “bh RR, @ 
Vertex Wak x x Y Y Yaw YawSelect Z Z Zoom ZoomSelect 


[1] The type of mouse cursor automatically 


changes to reflect the current operation. # 


44.5 Selection 


: : Ref 4 
Selection Filters!Ref 4] ene ee | 


[|] By activating a selection filter (4.4.1[5], page 197), you can make 7 Select Smooth Chains 
one of four types of graphic entities (points, edges, faces, and bodies) [fe] Vertex 


selectable. Additional filters are available in the context menu (by ison we (PR) PF Point 
right-clicking the graphic area) [2]. Multiple filters can be activated at wtu Set a on 
. I 

the same time. > i, Restore Defeult TF) Face 

(@) Zoom to Fit 

Eee or UB Solid Body 

; Cursor Mod > : 
Extend SelectionlRef 4] aie ale Poy 
View > C1 Surface Body 

[3] Using the current selection as a "seed", Extend Selection 0% Look At 
(4.4.1 [6], page 197) allows you to include neighboring edges or faces & Select All (Ctrt A) 


into the selection set [4-7]. | Y Genemte 5) 


[2] Selection 
filters can be 
accessed from 
the context 
menu. <— 


[4] Extend the 
current selection to 
. . ie. 
include the adjacent ee hed 


ab lel or G1 Extend to Adjacent _ 
iH) Extend to Limits ———] 


[5] This is equivalent to 
executing Extend to 
Adjacent infinite 
times. <— 


[6] Extend the | [7] Extend the current 
current selection to | selected faces up to the 


include the adjacent boundaries defined by 
blend faces. —> selected edges. | 


Selection PaneslRef >] 


[8] When you select an entity by clicking your mouse on the model, and if more than one entity lies under the mouse 
cursor, the graphics window displays a stack of rectangles in the lower-left corner (4.4.1[7], page 197). The rectangles 
are stacked methodically with the topmost rectangle representing the most visible entity and subsequent rectangles 
representing entities underneath the mouse cursor, front to back. These rectangles are aliases of selectable entities, 
that is, highlighting and picking these rectangles are identical to that for the entities. When you move the mouse over 
these rectangles, the mouse cursor changes to show the type of the entity. # 
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4.4.6 Bodies and PartslRef 


[1] The last branch of the model tree contains the bodies and 


parts of the model [2], which are the only geometric entities : ai a 
that will be exported to Mechanical for simulations. " f. ¥ZPlane 

A body is a continuum and made of one kind of material. A + [IR Extrude! 
3D body is either a solid body, a surface body, or a line body. + >> Planed 

A part consists of a single body or multiple bodies of the : v : og 
same type. If multiple, then all bodies are assumed to be x * @ Skint 
bonded together; i.e., they form a single continuum (but oe Plane? 
multiple materials are allowed). In Mechanical, each body is ye Plane8 
meshed independently. If a part consists of multiple bodies, vate Plane9 
constraints are imposed on the boundaries of the contacting ie ay dee 
bodies to guarantee the compatibility between the boundaries. .s BodyOp3 

A model may consist of one or more parts. Since each /Q) Boolean? 
part is meshed independently, mesh at the boundaries between + 68) SurfaceSkl 
parts is not compatible. In Mechanical, connections!?«*7] I~ yM@ 2 Parts, 2 Bodies 


y @ Fork 
y ta Glass 


(e.g., contacts, joints) among parts must be established to 
complete a simulation model. — 


[2] Bodies 
and parts. # 


4.4.7 Feature-Based 3D Modeling 


[1] A geometric model consists of features; an object in a model tree is called a feature of the model. The features 
include planes, base features, placed features, etc. 


Base Features 


A base feature is also called a sketched feature because it is created by drawing one or more sketches, and then 
"growing’ to a 3D feature by means of Extrude, Revolve, Sweep, or Skin/Loft. A newly created base feature 
can add material to or subtract material from the existing bodies. 


Placed Features 


Some features have predefined shapes and behaviors. To add these features to existing bodies, all we have to do is to 
specify where we want to place these features, along with a few other settings. Therefore, these features are called 
placed features, e.g, Blend, Chamfer, Thin/Surface, Slice, etc. # 
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4.4.8 Base Features|Ref®] 
[RS Extrude Gia Revolve &, Sweep & Skin/Loft 


ee 


[1] A base feature is created by drawing one or more sketches, and then "growing" to a 3D feature by means of 
Extrude, Revolve, Sweep, or Skin/Loft. 


Extrude 


The tool is used to extrude a sketch along its normal direction to create a 3D body. The extrusion may be symmetric 
or asymmetric to the sketching plane. The extrusion depth may be a fixed value, through all bodies (used only for 
cutting the material), up to a face, or up to a surface. A face is a bounded region and has a finite area while a surface is 
an unbounded region and has infinite area. A surface is often the extension of a face. 


Revolve 


The tool is used to revolve a sketch about an axis to create a 3D body. An angle of revolution can be specified. 


Sweep 


Sweep can be thought of as a generalization of Extrude. The tool is used to sweep a profile along a path to create a 
3D body. Both the profile and the path must be defined using sketches. 


Skin/Loft 


Skin/Lof€ can be thought of as a generalization of Sweep. It takes a series of profiles to create a 3D body by fitting 
through them. The profiles must be defined using sketches. # 


4.4.9 Placed FeatureslRet 8] | | 
[fe ThinSurface @ Blend - Q Chamfer Mf Slice 


| 


[1] A placed feature has predefined shape and behavior; it can be added to an existing body. 


Thin/Surface 


The tool is used to convert a solid into a thin solid body or a surface body. Typically, you will select one or more faces 
to remove, and then specify a thickness. If the thickness is a positive value, then a thin solid body is created. If the 
thickness is zero, then a surface body is created. 


Blend 


The tool is used to create rounds or fillets on edges, or on vertices. The radius of the rounds or fillets may be fixed or 
variable. 


Chamfer 


The tool is used to create chamfer faces on edges. # 
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References 


All Help>DesignModeler>ANSYS DesignModeler User's Guide>Viewing>Model Appearance Controls>Triad 

All Help>DesignModeler>ANSYS DesignModeler User's Guide>Viewing>Rotation Modes Toolbar>Isometric View 
All Help>Mechanical Application>Mechanical User's Guide>Application Interface>Graphic Selection>Controlling 
the Viewing Orientation 


All Help>DesignModeler>ANSYS DesignModeler User's Guide>Selection>Selection Toolbar 
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All Help>DesignModeler>ANSYS DesignModeler User's Guide>3D Modeling>Bodies and Parts 

All Help>Mechanical Application>Mechanical User's Guide>Objects Reference>Connections 

All Help>DesignModeler>ANSYS DesignModeler User's Guide>3D Modeling>3D Features 
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Section 4.5 


LCD Display Support 


4.5.1 About the LCD Display Support 


[|] The LCD Display support is made of an ABS (acrylonitrile-butadiene- 

styrene) plastic. The thickness is 3 mm [2]. Details of the hinge [3] are 

not shown on this page but will be illustrated in 4.5.4 (pages 205-206). 
This model will be used in Section 5.4 for a static structural 


simulation to assess the deformation and stress under a design load. > [2] The 


thickness of 
the plastic is 
3mm. <— 


[3] Details of the hinge 
design will be illustrated in 
4.5.4 (pages 205-206). # 
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4.5.2 Create the Base 


[2] On XYPlane, create 


create a Static Structural a sketch like this. | 


system, and save the project as 
Support. Start up 


DesignModeler. Select ; 
Millimeter as the length 10 


$< ori 
[1] Launch Workbench, | 


R6 


unit. —> : 
Ms 
OG 
de Revalve Ss 
—————— =| Details of Revolve! - / 
Revalve Roel [3] Revolve the 
a ~~ 
— Sena) sketch to create 
= Eze O— the base. Select 
Operation Add Material the vertical axis as 


Axis. # 


Normal 


Geometry Selection: 1 


Sketch Sketchi 
> 


oO 


4.5.3 Create the Upholder 


rr % 
[!] On YZPlane, draw 
a sketch like this. The arc 
can be created using the 
Fillet tool. > 


[2] Extrude 40 mm 
both sides. | | 


Ee) 


Geometry Selection: 1 
Seok SR 
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Fixed-Radius Blend | FBlendl 
PDI, Reins 0 


Geometry 
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| ia 
@ Blend - & Chamfer [4] Control-select all the 
SY Fixed Radius @ sharp convex edges this 


&& Variable Radius —~ [3] Select side and the opposite 
pel Blend/ Fixed 
Radius. — 


side, 6 edges in total. / 


6 Edges e 


. [5] Click Apply. Type 
5 (mm) for Radius. 
Remember to click 


\ Generate. # 


4.5.4 Create Hinge 


- he Sketch3 


[I] Click to create a 
new sketch (Sketch3) 
on YZPlane. / 


[2] Draw a rectangle like this. 


The size is not important but the 
location of the left edge (48 mm) 
must be specified. / 


_—_— 
As ThinSudace? No 
Menge Topology? Yes 
° — —— : [3] Extrude to cut material, 30 
8 ames 


mm both sides. Remember to 
click Generate. el 
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[4] Click to create a 
new sketch (Sketch4) 
on YZPlane. // 


[5] Draw a circle and specify the 
radius (7 mm) like this. Impose a 
Concentric constraint for the 
circle and the arc. / 


[6] Extrude to cut 
material, 35 mm both 

sides. Remember to click 

Generate. # 


4.5.5 Create Thin Body 


T= Thinurface | Details of Thial a 
. ThinSuface Thin! [2] Select the 
Selection Type Faces to Remove ©) bottom face to 
[1] Click Thin/ ae a Remember to click 
toolbar. > Preserve Bodies? No N 
a ——_——- = 


Wrap Up 


[3] Close DesignModeler, save the project, and exit Workbench. # 
NS ee 
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Section 4.6 


Review 


4.6.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. (  ) Base Features 9. ( ) Placed Features 

2. ( — ) Body l0.( +) Plane Outline 

3. (—_) Connections l1.( —) Plane Coordinate System 
4. (__ ) Extend Selection I2.( +) Roll 

5. (_ ) Features 13.( +) Selection Filters 

6. ( __) Isotropic View l4.( —) Selection Panes 

7. ( _ ) Part I5.( ) Yaw 

8. ( _ ) Pitch 

Answers: 


L(N) 2(J ) 32 (L) 4(H) 5 (M) 6(C) 7(K) 8& (F ) 
9(O0) 10(B ) IL(A) 12(D) 13.(0G) I4(1 ) I5(E ) 


List of Descriptions 


(A) The coordinate system attached to a plane. Its Z-axis always points out of the plane. 
(B ) Aplane may be created by deriving from a face. In such cases, the plane may be designated as Outline Plane 
(i.e.,a plane with boundary). You can draw entities beyond the boundary. The boundary itself is not a geometric entity. 


The plane boundary is used as datum edges, or as a source of replication/duplication. 


(C ) A model view in which the view direction follows an isometric axis, which forms the same angles with the three 
principal axes. 


(D) Rotate the model about the screen Z-axis. 


@Seismicisolation 


208 Chapter 4 3D Solid Modeling 


(E ) Rotate the model about the screen Y-axis. 
( F ) Rotate the model about the screen X-axis. 
(G) A tool used to make a specific type of entity selectable. Multiple filters can be activated at the same time. 


(1H) Using the current selection as seed, these tools allow you to extend the seed to include additional edges or faces 
into the selection set. 


(1 ) Rectangles appear in the lower-left corner of the graphics window. These rectangles are aliases of selectable 
entities, that is, highlighting and picking these rectangles are identical and synchronized for the selectable entities. 


(J ) It is a continuum and made of one kind of material. A 3D body is either a solid body, a surface body, or a line 
body. 


(K ) Acollection of same type of bodies. If multiple, then all bodies are assumed to be bonded together i.e., they form 
a single continuum (but multiple materials are allowed). In Mechanical, it is meshed independently. 


(L ) In Mechanical, they are kinematic relations between parts. Examples are contacts, joints, etc. 


(M) They are the building block of a 3D body. Examples include planes, base features, and placed features. 


(N) They are also called sketched features; they are created by first drawing one or more sketches, and then "growing" 
to 3D features by means of extrusion, revolution, sweeping, or lofting. A newly created one can add to or subtract 


material from the existing bodies. 


(O) They have predefined shapes and behaviors. To add these features to existing bodies, all we have to do is to 
specify where we want to place these features, along with a few other settings. 
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Chapter 5 


3D Simulations 


Many concepts and techniques in 2D simulations (Chapter 3) are applicable to 3D simulations. The problem sizes 
(number of nodes and elements) in 3D cases are usually larger and the geometries are usually more complicated than 
those in 2D cases. That implies more computing and engineering time. On the other hand, because we've been 
accustomed to the 3D world, the 3D simulations are more intuitive to us. As a result, newcomers often stick to 3D ways 
of thinking and forget that a problem often can be modeled as 2D. Remember that, if a problem can be reduced to a 2D, 
you have no reason to go for a 3D simulation. 


Purpose of This Chapter 


This chapter focuses on 3D simulations with solid models. Problems involving surface models and line models are 
discussed in Chapters 6 and 7, respectively. Like the 2D simulations in Chapter 3, this chapter focuses on linear static 
structural simulations. Dynamic and nonlinear simulations will be discussed in later chapters. 


About Each Section 


We will conduct two step-by-step examples in the first two sections. Section 5.1 is a simple example, serving as an 
introductory tutorial. Section 5.2 is a more involved example. Section 5.3 provides a systematic discussion trying to 
complement what was missed in the first two sections. Section 5.4 is an additional exercise. All exercises in this chapter 
use models created in Chapter 4. 
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A: Static Structural 
Total Deformation 


Type Totel Deformetian 
Unt mm 
Time 1 
F 0.10283 Max 
0.091405 


0.07998 
0.068554 
0.057128 


0.045703 
0034277 
0.022851 


Beam Bracket = 


5.1.1 About the Beam Bracket [3] The bracket is designed 
to withstand a load of 27 kN 
uniformly distributed over 


the seat plate. | 


[1] In Section 4.1, we created a 3D solid model for a beam bracket. In this 
section, we will use the model for a static structural simulation. Besides 
the geometry, we need extra information for the simulation, which can be 
summarized into two categories: material properties and the environment 
conditions (i.e., loads and supports). 

The beam bracket is made of structural steel [2] with a Young's 


modulus of 200 GPa, a Poisson's ratio of 0.3, and a yield strength of 250 
MPa. The yield strength is used to assess safety factors. 

The load is 27 kN uniformly distributed over the seat plate [3]. It was 
determined by an analysis of the entire structure. 

As to the support conditions, we assume the beam bracket's back face 
is rigidly welded on a steel column; i.e., a fixed support [4]. > 


[4] Fixed 
Support at 
the back 


[2] The 
bracket is 

made of 
structural 

steel. f 


5.1.2 Open the Project Bracket 


f,\ Bracket - Workbench 
Tools Units Extensions Jobs Help 


2) Refresh Project / Update Project BE ACT Start Page 


= ( > 
sign Assessment - 
Henvalue Buckling | eee A ets [2] Double-click 


fe \ A ewer Engineering Data. We 
( ineering Data . 
[1] Launch Workbench and open BD coometry : want to check material 
the project Bracket, which was + @ Nove z, properties. # 
saved in Section 4.1. > BS su P 4 y 
J 6 | We Solution , 4 
‘ 7 @ Results ?, 


Hydrodynamic Diffraction 
@} Hydrodynamic Response 
pos IC Engine (Fiuent) 

BS Ic Engine (Forte) 

ti) Magnetostatic 

Gg Modal 

Gi) Random vibration 

Gi) Response Spectam 

2 Rigid Dynamics 

& Static Structural 

GY Steady-State Therma’ 
GF) Thermal-Electric 

4 Transient Structural 

¢ Transient Thermal 

SS Turbomachinery FluidFlow 


&) Component Systems x] 


os Static Structural 


Be View All / Customize... 


& Double-click componentto edt. 
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5.1.3 Check Material in Engineering Data 


‘i 
View Tools Units Extension te Click Project to return to 
rkb 


[2] Make sure 
Structural Steel 
is highlighted. 


Refresh FS Project Schematic. # 
J 


—— ian is) ch 


Reset Workspace © — lobs 
ts Extensions Help 


——— 
[4] You may resize 
window panes by dragging |_ 


a Separator. 


Reset Window Layout |] @ A2:Engineering Data x 


¥Y Toolbox 


Toolbox Customization 


Outline O 

Properties 
Table 
Chart 


Fatigue Data at zero mean stress comes 
from 1998 & ~ 
Div 2, Table 


Ss & & A 


[5] Make sure the Young's 
modulus is 200 GPa (2E+I 1 Pa) 
and the Poisson's ratio is 0.3. | 


Messages 


Progress = ws 
; N | | Material Field Variables < > 
Sidebar Help \|__ 4 —— —_ 
f Chart of Proper! + 
[3] If necessary, click | ~—— age ere = oe aK 
this plus sign to a 
: —_ 4 Isotropic Elasticity i < 
expand Isotropic il 7 i Derive from nn er dPoisson's Ratio | e. ae 
Elasticity. / 8 | Young's Modus fen © c a oF 
\ 9 Poisson's Ratio 0.3 O S 
dt | a: iar Pear ae + ~ - 
| |} 20 | Bulk Modulus 1.6667E+11 Pa _ 
& Custom Material Models | En 1 aan Wain laecrerean 1 - 2 ¢ 
[2 |e ~ Stan ife Parameters | = 4 = 
Ze ————. [= |e snc | Tabu | jel) eas 
: | 24 | ¥& Tensie vied Strength 2.9408 © Pa hal 3 
[1] Pull down View. Make sure [Otani iGaw TC = (all 
Outline and Properties 26 | Tersieuitmate Stenginh | 4.6608 aa (1 on 
window panes are turned on. If _— eo 0 Pa [all Temperature [C) 


they are not, select View/Reset 
Workspace to reset to a 
"standard" workspace. 7 

Me J 


tor... =) Show Progress 9) Show 0 Messages 


[6] Make sure the yield 
strengths are 250 MPa 
(2.5E+08 Pa). 7 


[1] Double-click 
to start up 


[2] In Mechanical, make 
Mechanical. — 


sure the unit system is 
mm-kg-N-s. # 


| eeeeeeiieemaites matinee 
WF swicsrcnrd 
2 od EngineeringData “ , 
3 Gi Geometry A 


5 R2) Setup fz 
6 ws Soluton -_— 
7 @ Results £4 


Static Structural 


| 
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5.1.5 Check Material Assignment 


G Project [1] Highlight 


3] Model (A4) 


r 


-|--9§3] Solution (A6) 
AQ Solution Information 


Material Assignment 
[4] By default, Mechanical assigns Structural Steel for 


each body; therefore, we don't need to do anything about the 
material assignment in this case. # 


5.1.6 Specify Support 


[2] In the Details, 
make sure the material 
Graphics Properties is Structural Steel, 


=|Definition —__| the default material. | 
ee eee 


Pes 
Coca Sytem 
]| Matenal 
Assignment Structwal Steel O 
Nonhnesr Effects Yes O 
Bounding Box 
Properties 


[3] Although Nonlinear 
Effects and Thermal Strain 
Effects are turned on by default, 
they have no effects in this case, 
since there are no nonlinearities 


or thermal loads in this case. <— 


ty 9B @ Force Bp ® Fixed 4 ne 
% @, Moment EET we Frictionless “ Ca 
Inertial Loads — Supports _ Conditions Direct 
fg) Project - (Pressure : @ Displac iment 2 cE~ 
=|. [ga] Model (A4) Structural 
= /J@ Geometry 
¥ &@ Solid 
+ ” Coordinate Systems \ 
@ Mesh x % 


[1] Highlight Static 
Structural. — 


[=] Static Structural (A5) 
AN Analysis Settings 
fs, Fixed Support 

=|-9§2] Solution (A6) 
eae Solution Information 


Details of "Fixed Support” 


[4] And click 
Apply. # 
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[2] From the toolbars, click Fixed 
(or right-click Static Structural 
[1] and select Insert/Fixed 
Support). | 


[3] Rotate the 
model and select 
this face. <— 
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5.1.7 Apply Force } 


[2] Select this 
face. | 
ra 


o> | B28 
x @, Momen 


Inertial Loads 


, / -- 
J Fixed e. i335 

CETTE a Frictionless 7” - 
Supports Conditions Direct 


7 wt oe = 
@. Pressur @ Displacement cE 


Structural 


[=| Scope 
. ‘ Scoping Method | Geometry Selection 
[1] With Static Gat l Face A 
Structural or Fixed &| Definition 
Support still highlighted, Type Fowe [3] And click 
select Force from the Apply. | 
toolbars. 7 
ee. X Component | 0. N Gamped) 4 
¥ Component |-27000N (Gamped) O [4] Select 
Componente. 1 
Suppuessed No : y, 
ry 
[5] Type -27000 (N) for 
Y Component. # 
5.1.8 Set Up Solution Branch and Solve \ 
‘gl Project 
= a" 
=| (i) Model (A4) ( = 
y @ Solid Solution. | 
+ ye Coordinate Systems 
J&B Mesh 
- —| Static Structural (AS 7 
AD TAN analysis st , [5] The Solution branch 
“AB, Fixed Support should look like this. # 
Je. Force 
{BA Total Deformation 
J@B Equivalent Stress 
= gl Stress Tool 
@ Safety Factor 
u G eo) E D eo] V o USER RQ RQ (@] 
Deformation Strain Stress Energy Damage Linearized Volume Coordinate UserDefined Primary Composite Probe Toolbox 
: . : : Stress Systems» Result Criterion Criterion . 
Results User Defined Criteria 
" - 
: ; 4] Select Toolbox/ 
[2] Select Deformation/ [3] Select Stress/Equivalent [4] 
A Stress Tool. \. 
Total. — (von-Mises). — \ J 


Ny J Me lg ht 
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5.1.9 Generate Mesh and Solve the Model 


‘ol Project 
=) [ga] Model (A4) 7 


[3] Click Generate 


= Jf Geometry 
re —— & 
+ > Coordinate Systems 
Tt O-———___ [I] Highlight Mesh. | Generate from the toolbars. / 
=}-y{] Static Structural (AS) | 
wa Analysis Settings Ne  __xy Gr 
JB, Fixed Support 
Je Force 
=|-y{@| Solution (A6) 
A§] Solution Information 
a) Total Deformation 
/& Equivalent Stress 
= al Stress Tool 


J@p Safety Factor 


-| Display 
Display Style Use Geometry Setting 
~| Defaults 
Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 
=| Sizing 
Use Adaptive Sizing Yes [2] Expand Sizing and type 
[Resolution =— §$s és (or select) 4 for Resolution 
Mesh Defeaturing Yes (see a a page 227) I 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
Initial Size Seed Assembly 


Bounding Box Diagonal | 303.32 mm 
Average Surface Area ain - -.. — °°» » 


Minimum Edge Length | 10.0mm [4] Expand Statistics to 2$ 


f I . 
—— examine the mesh count. > sedi 
+ Inflation F 20lve 
+ Advanced 
-) Statistics 

Nodes 

Elements 

A: Static Structural 

| Total Deformation 


Type: Total Deformation 
Unit: mm 
Time: 1 


0.10201 Max 


r= USUI 


0.079339 


5.1.10 View the Results 


) jg] Solution (A6) i 


(#] Solution Information a 
- [1] Highlight Total 
. Deformation. — 


JGR Equivalent Stress 
+ Jel Stress Tool 


[2] Maximum 
deformation. al 


| 
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A: Static Structural 
oy laati Equivalent Stress 
SI JG Solution (A6) Type: Equivalent (von-Mises) Stress 

Ail Soluton Information Unit. MPe 
/&% Total Deformation [4] Maximum von anes 
J Equivalent Stress Mises stress. | 58.758 Max 
io Jal Stress Tool Aas 
39.319 
a NG i 32.839 
c 26.359 
=a 19.879 
[3] Highlight 13,399 
Equivalent Stress. — 69189 
0.43902 Min 
Ne 
EA] Solution (A6) 
Solution Information 


GB Total Deformation 
AGB Equivalent Stress 
=] Jl Stress Tool 


/& SIE 


a _ 


A: Static Structural 7 
Safety Factor 
Type: Safety Factor 
Time: 1 
[6] Minimum 
safety factor. | Peo 
4.2547 Min 
1 
0 
Safety Factors 
[7] If you highlight Stress Tool in the project tree [8], the details view will 
show you how the safety factors are calculated [9]. In this case, the safety 
factor is the ratio between the tensile yield strength (250 MPa, see 5.1.3[6], 


page 211) and the calculated equivalent stress [3-4]. For example, at the most 
critical region, the equivalent stress is 56.131 MPa [4]; therefore, the safety 
factor is 4.4539 (= 250/56.131) [6]. 


You can change the way safety factors are calculated by changing the 
settings in the details view [9]. | 


[5] Highlight Safety 
Factor. | 


[9] Details of Stress Tool 

shows how the safety factors 

£3... fi] Solution (A6) are calculated. # 
vil Solution Information 
A Total Deformation 
ta Equivalent Stress 


Ji Safety Factor 


Details of "Stress Tool” l a 
[8] Highlight — 
Stress Tool. — 


Theoy [Bax Bole’ Stes 


Stess Livrat Type | Tensile Yield Pex Matenal 


=—___— 
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5.1.11 Animate the Results 


oi ia © Context A: Static Structural - Mechanical [ANSYS Academic Teaching Introductory - as x 
| File | Home Result Display Setection Automation Ae Oo 
i x EE Commands (@)Images~ = z Pe 
“ Cicomment fi Section Plane 
Dupitcate Solve = Analysis 5 Display Vector Capped Views 
yi . a . ‘ig Chart bs} Annotation 2 Display~ |sosurtace = 
Outline Solver, Insert 
‘y 7fOx QQ ele e 4 iS -|++QQQQ Select 5x Mode- FF Bee Ss ee = 


[1] Highlight Total 
Deformation. — 


A: Static Structural 
Total Deformation 
Type Total Deformation 


Unit mm 
\ Time: 1 
0.10201 Max 
0.090673 \ 
0.079339 
ee [2] If necessary, drag this 
De tes 0.045336 separator (3.3.4[9], page 143) 
Ty} Solution Informs surat rightward to reveal more 
~% forma : ‘ 
GP cor neercoer meld, animation controls. 
5) Stress Tool 
/@® Safety Factor 
Details of “Total Deformation” ~ $ 11 X Graph Tabular Data 7~§Ox 
= Scope rE, eine wicks : ———— : 
Scoping Method Geometry Select... Animation | + is] B ne ir 
Geometry All Bodies Pe Zz : >| 


-) Definition 


[3] Click Play to 
animate the 
deformation. > 


[4] Click Stop to stop [5] The Export Video File button 
the animation. > allows you to save the animation in AVI, 
) MP4, WMV, and GIF formats. # 


5.1.12 Evaluate Structural Error 


E] ¥{&) Solution (A6) [2] A Structural 
v2} Solution Information Error object is 
SD Tote Ocfonnation inserted with a 
y® Equivalent Stress thunderbolt 


indicating that it is 
not evaluated yet. / 


Ne wm 5, aay Structura 
u G Oo =) Stress Too! 
Deformation Strain Stress /® Safety Factor 


A: Static Structural 
Structural Error 


Type: Structural Error 
Unit: mJ 


[4] Maximum 
structural error. # 


[1] Highlight Solution in the 
project tree and select 
Stress/Error. — 


[3] Click Solve to 
evaluate the 
Structure Error. { 
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5.1.13 Improve Mesh Quality 


Method 


[|] Highlight Mesh in the 
project tree and click 
Method on the toolbars (or 
right-click the Mesh and 
select Insert/Method) to 
insert a method under the 
Mesh branch. | 


FeeMesh Tye [NotAlowed 
Some 


Program Contolled 


Sweep size Behavior Sweep Element Size 
Sweep Element Size | Default 


MultiZone om 
Progya: 
Not Allowed 


Wate ICEM CFD Files | N 


Generate 


OO * 
[2] Select the body 
and click Apply. | 

ee 


[3] Select the 
MultiZone method. / 
So 
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nn: 


[5] Highlight Mesh to view the mesh. The 
model is now meshed with all hexahedra. This 
is accomplished by using the MultiZone 
mesh method, which we will discuss in 5.3.2 
(pages 227-228) and Chapter 9. | 


- Statistics 
Nodes 
Elements 


\ 


A: Static Structural 
Structural Error 
Type: Structural Error 
Unit: mJ 


0.035815 


0.026861 / 
0.017908 [7] Now the 


0.0089538 structural error is 
3.9045e-10 Min| reduced significantly 
(see 5.1.1 2[4], last 
page), meaning that 
the solution accuracy 
is improved 
significantly. | | 
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A: Static Structural 
Total Deformation 


OS w—é«500 Type: Total Deformation 


[8] The deformation is larger than Unit: mm 


Time: 1 
that in 5.1.10[2] (page 214), 
meaning that it is more accurate 


(also see 3.5.10[I], page 163). | ae. 


0.068554 
0.057128 
0.045703 
0.034277 
0.022851 
0.011426 
0 Min 


Ns 


A: Static Structural 
Equivalent Stress 


| ie Type: Equivalent (von-Mises) Stress 
Unit: MPa 
[9] And the stress is in 


Time: 1 


turn more accurate 
than that in 5.1.10[4], 7 36G 
page 215. | 61.606 
Ke / 52.846 


44.087 
35.327 
26.568 
17.808 
9.0486 
0.28899 Min 


Meshing 3D Solid Bodies 


[10] Solution accuracy depends not only on mesh density but also on mesh quality. In nonlinear problems, poorer 
mesh quality often leads to more computing time or even failure of finding a solution. 

Achieving a high mesh quality is, however, not trivial. In this section, we've used a new meshing technology, namely 
the multi-zone method. It will be conceptually introduced in Section 5.3. Various meshing methods will be introduced 
in Chapter 9. | 


Wrap Up 


[| 1] Close Mechanical, save the project, and exit Workbench. # 
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A: Static Structural 


oe) Owectiona! Deformetion 
Type Ovectonel Deformeton(s Ans) 

Unit men 

Cylindncel Coordmnete Systern 

Time t 
0.0076955 Man 

| 0 00661 08 

0.005926 


00050613 
0 0041566 
00032718 
00023871 
00015024 eg 
0.00061 765 AT 4 
-0.00026708 Min SRR La n ih 


Cover of Pressure Cylinder 


5.2.1 About the Cylinder Cover 


[1] In Section 4.2, we created a 3D solid model for the cover of a pressure 
cylinder, which is designed to hold a pressure of 0.5 MPa. In this section, we will 
use this model for a static structural simulation. 

The cover was originally made of aluminum alloy. The purpose of the 
simulation is to assess the possibility of replacing the aluminum alloy with a new 
type of engineering plastic. The engineering plastic has a Young's modulus of 22 
GPa and a Poisson's ratio of 0.3. 


[2] We want to 
investigate the circularity 
of this internal surface. # 


The engineers are concerned about the deformation, specifically the 
circularity of the internal surface that encompasses the pressure cylinder [2]. 
The circularity of a cylindrical surface can be defined as the difference between 
the radii of its circumscribed circle and its inscribed circle. It is required that 
the circularity should be less than 10 micrometers; excess of circularity beyond 
this value may impair the tightness and cause a leakage of gas. 

The unit system used in this exercise is mm-kg-N-s. > 


5.2.2 Open the Project Cover 


f,\ Cover - Workbench £ {0 x) 
5 Tools Units Extensions Jobs Help 


\@] Refresh Project Update Project | fg ACT Start Page 
ERA rovect sc EE 


- ‘ 
( a [2] Double-click 
[1] Launch Workbench == Engineering Data 
and open the project |.” 3 ceomery ; to edit material 
. : 4 we Model wa 7 
Cover, which was Da su — properties. # 
saved in Section 4.2. > 6 GB Sciuton ? / 
FD rents 2, 
\ Hydrodynamic Response Static Structural 
f5G IC Engine (Fluent 
$4 IC Engine (Forte 
Aagnetostatic 
Hy Modal 
fy Random vibration 
fy Response Spectrum 
#4 Rigid Dynamics 
Static Structural 
GY Keady-State Therma 
@) Thermal-Electric 
fea Transient Structura 
GS transient Thermal 
YJ Turbomachinery Fluid Flow 
E] Component Systers «| 
y View Ad / Customize... 
a Ready Job Monitor... fe Show Progress | 2 show 0 Messages | 


. a ee iL “sf 
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5.2.3 Prepare Material Properties 7 
[1] Click here and type 


Engineering Plastic (and press 
Enter) to add a new material to 


Outline of Schematic A2: Engineering Data 7 ee x. Engineering Data. vA 


2 = Material 


s>—< Data at zero mean stress comes 
om 1998 ASME BPV Code, Section 8, Div 
2, Table 5-110.1 


[7] Click Project to 
return to Project 
Schematic. | 


f,\ Cover - Workbench 
File Edit View Toots” nici Extensions Jobs Help 


A A2:EngineeringData X 
fa iy Engineering Data Sources 


Toolbox: eee @e Outline of Schematic A2: Engineering Data 


| Wis Filter Engineering Da 


[6] Physical 


Field Variables 
-B] Physical Properties 1 


Properties. 7 (0s oicstestc 2 
aa 


IsotropicElastiaty () 


Contents of Engineering Data 


{J orthotropic Elastity 3 R® Structural Stee! 
3} A n i 5 0 tro p j Cc El a staty = FEE ee ee ee ee ee eee ee ee ee ee eee ee 
=. : = = : = 7 eo ; i a 
HyperelasticExperime tal Data | Ee | __%& Engineering Plastic ae a [3] Type 2 de | 0 (Pa) for 
7 , = | “lick here mio 4 | Young's Modulus and 0.3 
Hyperelastic ———= % . 
y, for Poisson's Ratio. |’ 


[2] In Toolbox, double-click [= : = er 


Isotropic Elasticity to insert A | 
mechanical properties for the i | — [tba 
new material. > 2 [a FB isotropic Elasticity | 

™% 3. ~|~~s«ODerive from OO | Young's Modulus and Poisson's Ratio — | 


Viscoelastic Test Data Young's Modulus 


Viscoelastc 


RARER EER EEEEREREEEEEEEEEREEESEESEEEEEEOERESEEH BREE EE 


Poisson's Ratio 
Bulk Modulus 


Shear Modulus a 


| 1.8333E+10 
8.46 15E +09 


Shape Memory Alloy 


Geomechanical 


Pee, Aes 
[4] Shear Modulus and Bulk [8] Double-click to 
Modulus are automatically calculated start up 
according to Eq. |.2.8(2) (page 31) and Mechanical. # 
Eq. 14.1.7(1) (page 532), respectively. | _——————— 


What material properties are needed? 


[5] For a static structural analysis, Young's modulus and Poisson's ratio are 
the only two parameters to define a linearly isotropic elastic material (see 


Eqs. |.2.8(1-2), page 31). Other material properties, such as shear modulus 


and bulk modulus, have default values that are calculated from the Young's 6 @§& Solution ? 
modulus and Poisson's ratio. Besides, if thermal loads (i.e., temperature 7|@ Results ? , 
changes) are involved in the simulation, the coefficient of thermal expansion weer 

(which can be found in Physical Properties of Toolbox [6]) must also 

be included (see Eq. |.2.8(3), page 32). T VC 
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5.2.4 Assign Material to the Body 


[1] Make sure the unit system 
is mm-kg-N-s. | 


foo 


[2] Highlight 
‘| Project Solid. > 
=| [ga] Model (A4) y, 
5 Ata Geopfetry 
“& 
+ yok Coo ystems 


Mesh 
=|--9[4] Static Structural (A5) 
Wa Analysis Settings 
= >a] Solution (A6) 


Solution Information 


5.2.5 Generate Mesh 


——<—<$<—<__—__—_—_4 
[!|,4] With Mesh 
highlighted, click 
Generate. | 
Fi 


[2] The default settings 
generate about 5700 
elements and | 1,000 

nodes. 7 


[5] The new mesh consists 
of about |4,000 elements 
and 26,000 nodes. We'll 
use this mesh. # 
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Details of “Solid” 


Stfthess Behavicx 

Cocuwdinate System Default Cocudinate System 
Reference Temperatue | By Environment 
Assgnrrent 


Nonlineax Effects 
Thermal Strain Effects 


[3] In the details, select 
Engineering Plastic 
for Assignment. # 

\ rs 


~ 40x 
= Display 
Display Style 
Defaults 


Use Geometry Setting 


i 


Physics Preference Mechanical 


Element Order Program Controlled 


Element Size Default i \ 
: nae : [3] Type (or select) 
Use aptive SIZING = = 4 for Resolution 
Mesh Defeaturing Yes (see 5.3. | 9 page 
Defeature Size Default 227). = 
Transition Fast J. 


Span Angle Center Coarse 


nitial Size Seed Assembly 


Bounding Box Diagonal 94.261 mm 
Average Surface Area =| 454.04 mm? 
Minimum Edge Length | 1.5377 mm 
+ Quality 
+ Inflation 
+ Advanced 
=| Statistics 
Nodes 26371 


Elements 


“ay 


aiata 
a . sTaVavate 
vat 4, : AAAS. 
Coe) x VAINLY 
VAY, > Vavaravarat? 
VAY, qh Wavavet® 
ae 
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5.2.6 Specify Supports 


we, Qe Force Be eo Fixe 
'] Project - » x @, Moment TXNY  G& Frictionless 
=) {gt hij : Loads Supports 
a pe . [!] Highlight Static @ Pressure ~- @ Displacemen 
ik dine asa Structural. — P Pe’ = 
x &@ Solid Structural 
4)-ys Coordinate Systems 
/e Mesh 
=|] Static Structural (A5) 
Vi Analysis Settings [2] Select Frictionless 
/¥,, Frictionless Support (Support). / 
=|] Solution (A6) 
g/§)] Solution Information Mel 


Details of "Frictionless Support” 


w 


[3] Control-select all 


[4] And click }- internal faces of the 
Apply. # four holes (using face 
%, / filter if necessary), 12 
faces in total. <— 
\ 
5.2.7 Apply Pressure 
@ Force QB @ Fixed 
% @,Moment THY a, i Frictionless 
Loads ort 
4 Oi Pressure a * @ Displacement 


Structural 


[3] And click Apply. 
There should be 39 
faces selected. | 


[1] With Static 
Structural or 
Frictionless Support 
still highlighted, select 
Pressure. | 


Details of “Pressure” a | 


an By Suiace Effect 


/ Seppe No 4 
[2] Control-select all ; 
internal faces like this. > 


* [4] Type 0.5 (MPa) 


for Magnitude. # 
\ J 
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5.2.8 Set Up Solution Branch and Solve 


223339338 


Project 
=) (ga) Model (A4) Deformation Strain Stress Energy Damage Linearized Volume Coordinate 
=| ARB Geometry : . | : = Stress > Systems * 
x &® Solid . Results 
+ yo Coordinate Systems PX 
Mesh 
=| y{4] Static Structural (A5) 
Wa Analysis Settings [2] Select 
/®, Frictionless Support Deformation [3] Select Stress/ 7 
J. Pressure /Total. — Equivalent (von- [4] Select Stress/ 
Mises). — Error. / 


Sea. Solution (A6) 
“\ 4] Solution Informatid \ 
GB Total Deformation 
J@B Equivalent Stress 


J@® Structural Error 


[1] Highlight 
Solution. { 


Solve 


[5] The Solution branch 


should look like this. > 
[6] Click Solve. — 


Not Enough Constraints? 

[7] After solving the model, a warning message shows up [8]. If you carefully examine the 
support conditions, the rigid body motions in all directions have been constrained by the 
frictionless supports (5.2.6, last page). Ignore the warning message; it might be a bug. | 


Not enough constraints appear to be applied to prevent rigid body ; 
A motion. This may lead to solution warnings or errors. Check results [8] A warns message 
carefully after solving the model. # 


A: Static Structural 


5.2.9 View the Results foialocormaton 


Unit. mm 
Time: 1 


| 0.00891 25 Max 


0.0069323 
0.00594 22 
0.0049522 
0.0039621 
0.002972 
0.0019819 
0.000991 85 
1.7742e-6 Min 


i.” 
[1] Highlight Total 
Deformation. | 


Elf] Solution (A6) 
Ad Solution Informatio 


Ws°8 1 otal Deformation 


AGB Equivalent Stress 
/&@ Structural Error 


| 


[2] Due to the exaggeration 
of the deformation, inner 
walls seemingly penetrate 

into outer walls. J 
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| gi] Solution (A6) 
y 1] Solution Information 
J&B Total Deformation 


We Equivalent Stress 


JG Structural Error 


[3] Highlight 
Equivalent Stress. # 


Og P 


A: Static Structural 
Equrvalent Stress 
Type: Equivalent (von-Mises) Stress 
Unit: MPa 
Time: 1 


11.329 Max 
10.071 

8.8135 

7.5556 

6.2976 

5.0397 

3.7817 

2.5238 

1.2658 
0.0078922 Min 


5.2.10 Create a Cylindrical Coordinate System 


[3] Select 


Fahad +k Coordinate System []Comment (Section Plane 
Analysis ee 
mul, Ta Chart B® Annctation Sy Semnian 
se Type Cylindrical 
insert Coordinate System Program Controlled 
APDL Name 
[2] Click Coordinate Suppressed Ne 
Bf Project* System to create a =| Origin 
E = Model (A4)) coordinate system. > a ech uees Lcins 
+ fy Origin x 0. mm 
Ks y@ Geometry Origin ¥ Oomm 
x @ Solid ——__—_. Origin Z 0. mm 
[+] Ja Materials [!] Highlight Location | Click to Change ’ 
Siargi eg Coordinate Systems Coordinate py ied atc [4] Select Global 
vie AXIS ° 
y@® Mesh Detine By Global X Axis defini h ee 
=| Onentation About Principal Axis Cc InNINg the origin. 
Axis Leave other 
Define By Default settings their 
+) Directional Vectors default values. L 
-) Transformations 
Base Configuration Absolute i $i 
Transformed Configuration |[ 0. 0. 0. J 


[5] A cylindrical coordinate 
system is created. Workbench 
always uses X-Y-Z for the 
coordinate axes. Fora 
cylindrical coordinate system, 
they should be interpreted as 
R-Theta-Z. > 


ee 


/ he 


[6] Right-click and rename the newly 
created coordinate system as 
Cylindrical Coordinate System. # 

a “ 


| Project 
=|. {g] Model (A4) 
=| ABB Geometry 


a aa] Solid 
=}-y2% Coordinate Systems 


jae. Global Coordinate System 


wee cylindrical Coordinate System 


JAB Mesh 


Os 
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5.2.11 Assess Circularity 


—  —- 
SE >} Solution (A6) [1] Highlight 
: Solution. / 
#] Solution Information 
ee 
“&@ Total Deformation 
AGB Equivalent Stress / 


J&B Structural Error 


vee 


u 
Deformation 


ee 
[2] Select 
Deformation/ 
Directional. — 
ee 


fe TS 
[8] Click Solve to 
evaluate the radial 
displacement. \, 


[10] Here, the radial 
displacement is 0.27 
micrometers inward. || 


A: Static Structural 
Directional Deformation 


Type: Directional Deformation(X Axis) 
Unit: mm 

Cylindrical Coordinate System 

Time: 1 


0.0076955 Max 


0.005926 
0.0050413 
0.0041566 
0.0032718 
0.0023871 
0.0015024 
0.00061 765 
-0.00026708 Min 
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[4] Select this 
cylindrical face. \, 
\. Z 


\ 
[3] Click here to bring 
up Apply/Cancel 
buttons. f 


Details of “Directional Deformanyy 
=]| Scope 
oom et 
| Face 


[|| Definition [7] In a cylindrical 


Type =| tectionall Deformation coordinate system, the 


Onan (XK Axs Quem 7 Clrection now should 
Be me) erection = 
phy Tw [la radial-direction. <— 
Calate Tine Hist —— 

a [6] Select Cylindrical 


Coordinate System, 


created in 5.2.10, last page. f 
Rag / 


[5] And click 
Apply. | 


O 


[9] Here, the radial 
displacement is 
7.70 micrometers 
outward. <— 
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Conclusions 
[11] The circularity of the cover under pressure, according to its definition, is 7.97 micrometers (7.70 + 0.27; see 


5.2.1 1[9, 10], last page). It is within the spec requirement (10 micrometers). 
The engineers need not worry about the stress, since the stress (11.329 MPa; see 5.2.9[3], page 224) is well below 


the fracture stress (which is about 50+ MPa). | 


Wrap Up 


[12] Close Mechanical, save the project, and exit Workbench. # 
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= /J@i Solution (A6) 
wal Sal 


o non 
ve a - Strese Tool » 
7 Structural Erro : oe : : 
<_ A? Directional Deforn —— 
aun Stress » 
Be Duplicite Energy 5 
Lawonized Stress » 
» 


EX Dophcaw Without Results 
tS Copy Fatigue 


G000- 


Cleny Gemmrabed Dinte 
X Delete 


M ; a> Romaine (F2) Probe 
O re e | S ol> Rename Based on Definition = 
Coordinate Syetens 


—} Group (Cut 3) 


, 
Tome Stach iComenaeace 
o 
&B, User Defined Resolt 
& Commands 


5.3.1 Global Mesh Controlsef !] 


rn om 


-| Display 


[1] By highlighting Mesh in a project tree, you can access the Display Style Use Geometry Setting 
details of Mesh. =| Defaults 
— Physics Pref ce Mechanical 
A statistics of the mesh count shows up at the bottom of ae aa 
; Element Order Program Controlled 
the details [2]. The mesh count, number of nodes/elements, Element Size Default 
provides an estimation of the problem size. In 3D cases, as =| Sizing 
é ‘ | tive Siz 
mentioned, the total degrees of freedom equal three times the eee _ = 
number of nodes (1.3.1[2], page 35). In the case of Section 5.2 Mesh Defeaturing 
(see [2]), Workbench solves a system of equations of degrees of Defeature Size 
: . Tr ° 
freedom 79,392 (26,464x3, see [2]). The matrix [K] has a size of —— 
Span Angle Center 
79,392x 79,392! Initial Size Seed : 
Resolution [3] provides a way of global mesh control. The Bounding Box Diagonal [SR.eo1 nen 
: Average Surface Area 454.04 mm? 
range of values that can be set is 0 (coarse) to 7 (fine). A value = = = 
. Minimum Edge Length 1.5377 mm 
of -! will set the Resolution to the default value; when the +) Quality 
Physics Preference is Mechanical, the default value is 2. 4)| inflation 
_ +) Advanced 
=| Statistics 


Nodes 
Elements 


[2] Mesh count. 


5.3.2 Mesh with MultiZone Method 


[|] Generally, hexahedral elements are more desirable than other shapes, such as tetrahedral. The main reason is that 
hexahedral (or quadrilateral in 2D cases) has better convergence behavior (3.5.10, page 163; 9.3.13 and 9.3.14, page 
361). That implies, with the same problem size, the hexahedral (or quadrilateral in 2D cases) gives more accurate 
results. Besides the shapes, mesh quality is also a key factor affecting convergence behavior. A mesh of hexahedral 
elements with poor mesh quality might be less desirable than tetrahedral with good mesh quality. Mesh quality will be 


discussed in Chapter 9. 

For 2D models, Workbench usually does a good job and meshes them with all-quadrilateral elements. For example, 
the models in Sections 3.1 and 3.2 are meshed with quadrilateral elements without further mesh controls. 

For 3D models, meshing is much more challenging. In 5.2.5 (page 221), the geometry is relatively complicated, so 
Workbench chooses to mesh with all-tetrahedra. | | 
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[2] A simple idea to create hexahedral elements is to mesh faces of a body with quadrilaterals and then "sweep" along a 
depth up to other end faces of the body. The starting faces are called source faces and the ending faces are target 
faces. The source or target faces can be either manually or automatically selected. However, many bodies are not 
sweepable. The idea of the MultiZone method is to decompose a non-sweepable body into several sweepable 


bodies, and then apply Sweep method on each of the bodies. This is what we had done in 5.1.13[1-5] (page 217), 
where we inserted a MultiZone method and the Workbench decomposed the body into several sweepable bodies 
and easily "swept" each body with hexahedral elements. The result is an all-hexa mesh. # 


: Ref 2 
5.3.3 Coordinate Systems! of] [3] Definition of | | [2] Type of coordinate 


the origin. | systems. <— 
[1] When defining an environment condition or a solution object by 
Components, you need to refer to a coordinate system. By default, 
Global Coordinate System is used, which is a Cartesian 
coordinate system. Sometimes this coordinate system is not 
convenient. In such cases, we may define additional coordinate systems. 
To define a coordinate system, you need to define the type of the 


5 
coordinate system [2], the origin [3], and the axes [4]. 
Currently, workbench supports only two types of coordinate a 


systems: Cartesian and Cylindrical [2]. 


Details of f Coordinate System” 


Cin 2 mm 
Defining the origin is straightforward. You can click a location or Location —=SCSC*«dCClicke to Change 
ope pe ecoralnacs 1: as is 


There are many ways to define the axes. Basically, you need to fads IX 
define two of the three axes and the third axis is automatically defined Saslanubisbiea 
: . -§ Oneatation About =e Axis 
according to the right-hand rule. 


The first axis you define is called the Principal Axis and the 


second axis is defined by Orientation About Principal Axis. || Directional Vectors 
For cylindrical coordinate system, you may be confused by such "| bein} — 


terminology. Fortunately, a triad always appears on the graphics | | 
window (e.g., 5.2.10[5], page 224) and you should be visually aware if [Transformed Configwation |[ 0.0.0.1 || | 


you make mistakes. 7 


[4] Definition of the axes. # 


5.3.4 Results View ControlslRef 3] 


[1] With a solution object highlighted, the toolbar 
displays tools that can be used to control how the [7] Click to attach a 
results are displayed [2-7]. | tag on the model. # 


[6] Vector 
display. < 


3.2e+002 (Auto Scale 


- S asle 
scoped Sodies 


> [> Probe 
[maw Aaximum 
c 


rt ore 


¥ Large Verte Contours 


Vector Display 


[3] Geometry [4] Contour 
display. — display. — 


5] Edges display. 
[2] Displacement - 7 _ 


scaling. > 
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5.3.5 Legend Controls 


[4] Double-click 
to edit value. /“ 


0.0089154 Max 
0.0079249 
0.0069344 

0.0059439 


[1] Clicking the legend 
[2-4] or right-clicking the 
legend to bring up a 


[2] Increase/ 
decrease contour 
bands. | 


Edit 


Y AU 


context menu [5-7] allows 0.0049533 
0.0039628 Named Legends > 
the user to modify the 00029723 | 
legend. Whenever needed, oooi9e1g | Y Vertical 
Select Reset All to [3] The divider can o.on099132 __ Hensontel ger ia 
return to the default be dragged. 7 8.1198e-7 | Date and Time [6] aut on/off date 
settings [7] i ¥ Max, Min on Color Bar and time. { 
dial Logarithmic Scale 
High Fidelity 
All Scientific Notation 
[5] Number of Digits : 


digits. > 


Independent Bands » 
Color Scheme » 
Semi transparency 
Adjust to Visible 

Reset All 


[7] Reset legend. # 


5.3.6 Adaptive Meshingl®ef 4] 


[1] We demonstrated a procedure of finite element convergence study in PART C of Section 3.5 (pages 161-163). 
Given an error, say 5%, we may refine mesh until the accuracy reaches this level. Performing these tasks manually is 
cumbersome. Workbench provides a tool to automate the mesh refinement until a user-specified level of accuracy is 
reached. This idea is termed adaptive meshing. Internally, Workbench uses structural errors (3.5.7, page 161) to help 
adjust the mesh, that is, it refines the mesh size in the area of large structural errors. 

To use this tool, right-click a results object and select Insert/Convergence [2]. In the details view, specify the 
accuracy, or Allowable Change ([3], next page). Also, highlight Solution in the project tree and, in the details view, 
specify the maximum number of mesh refinement loops ([4], next page). When solving the model, Workbench will 
iterate to refine the mesh until the difference between two iterations is less than the Allowable Change or the 
Max Refinement Loops is reached. | 


=) _jgi| Solution (A6) 
A$] Solution Information 


“® 
JS Equivalent Stess Stes Tool 
AS Structural Error = : Reromnstan > 
S&B Directional Deforn xport... Sue ' 
Suppress Stress 
. 
E22 Duplicate nee 
Eee Duplicate Without Results Linearized Stress . 
Copy Fatigue > 
% Cut 
Contact Tool » 
/ | Clear Generated Data ae : 
X Delete olt Too 
alb Rename (F2) Probe > 
lb Rename Based on Definition [2] To use the adaptive 
Coordinate Systems > 


("] Group (Ctr G) 
|") Group Similar Objects 
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Convergence 


© Alert 
 , User Defined Result 


[a Commands 


meshing, right-click a 


results object and 
select Insert/ 
Convergence. |_| 
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Details of "Solution (AB)" 
Adaptive Mesh Refinemeat 


Nar Ratseventlane|3._Q 
RafnerentDeph [2 
Information 


Details of “Convergence” 


[4] Highlight Solution and, 
in the details view, specify the 
maximum number of mesh 
refinement loops. # 


[3] In the details view, 
specify the accuracy 
(Allowable Change). — 


References 


|. All Help>Meshing>Meshing User's Guide>Global Mesh Controls 

2. All Help>Mechanical Application>Mechanical User's Guide>Objects Reference>Coordinate System 

3. All Help>Mechanical Application>Mechanical User's Guide>Steps for Using the Application>Review Results 
4. All Help>Mechanical Application>Mechanical User's Guide>Objects Reference>Convergence 
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A: Static Structural 
Yv eer jon 


&% vas - Directional Deformation 
Type Directonal Deformation! Acs) 
Une mm 
Global Coordinate System 
Time 1 
@ 0.00057275 Man 
+0 035607 


LCD Display Support Sh 


5.4.1 About the LCD Display Support 


[2] The load applies 
on the trough. # 


[1] The geometry created in Section 4.5 is used in this section 
for a static structural simulation to assess the deformation and 
stress under a design load [2]. 

The display support is made of an ABS (acrylonitrile- 


butadiene-styrene) plastic; its Young's modulus is 2.62 GPa and 
its Poisson's ratio is 0.34. In a tensile test, the material starts 
to develop fine cracks at 37 MPa, and fractures at 54 MPa. 

The support is designed for a |7" LCD display, which 
weighs 40 N and is used as the design load. > 


5.4.2. Prepare Material Properties 


/ 
[1] Launch Workbench and open the project Support, which was saved in Section 4.5. Double-click Engineering 


Data. Add a material to Engineering Data [2] and specify the Young's modulus and Poisson's ratio [3-4]. 
Return to Project Schematic [5] and double-click Model to start up Mechanical. In Mechanical, make 
ou the unit system is mm-kg-N-s, and assign the newly created material to the solid body [6]. / 


[5] Click to return to 


| Project Schematic. \, 


Outline of Schematic A2: Engineering Data +) Graphics Properties 


ee EEE 


|B Physical Properties _ 
| | oleae 


=| Definition 
E) Linear Elastic 1 Contents of EngineeringData = jd jource Suppeessed | Mo 
(J isotropicElastiaty O 2 Cc! § 8 §|StiressBehenor | Mexble 
A] Orthotropic Elasticty [ : dT Fatigue Data Cocudinate System Default Cocudinate System 
{A Anisotropic Elasticty 3 % Structural Steel from 1998 Ag | Refewence Ternpexatwe | By Envixonrnent 
HyperelasticExperime jal Data | | —__ _Div 2, Table’ =) Matexial 
pe —eresvernn | 4 [| © © ass (pa-757) | | SE Bcsicnrrent ABS (PA-757) >| 
“ | Nonlineax Effects Yes | 
[3] Double-click | Ml Type ona for _ — a a 
Isotropic Elasticity. — fs oung s modulus an =| Bounding Box | 
\ Poisson's ratio. | 
Life \ | ig 
} + ° 
Strength — | | [6] In Mechanical, 
Gasket 2 (8 —— | | assign the new material 
Viscoelastic Test Data re pi chad emcees to the solid body. # 
| 4 Young's Modulus 2.62E+09 * Pal 
Viscoelastic | ; panna nenesannsenenanecscsssssscnsscnsansssssssasanans ‘ ; P| 
Pe 4 Poisson's Ratio : 0.34 O 
[2] Click and enter ABS | ; Bulk Modulus 2.7292E +09 Pa 
(PA-757) to add a new 7 Shear Modulus | 9.7761E+08 Pa 
material to 
Engineering Data. { - 
\ a 


@Seismicisolation 


232 Chapter 5 3D Simulations 


5.4.3 Specify Support A: Static Stractoral 


Fixed Support 
Time: 1. s 


[Hl Feed Support Jw 
Details of “Fixed Support” é 


oping Method | Geometry Selection 


[|] Specify Fixed Support for the bottom rim 

face. Note that it would be more realistic if we 

specify Compression Only Support for the 
bottom rim face. For this case, however, the 

calculated results would be the same, since the rim 
face will not separate from the surface that 
supports the model. A Compression Only 
Support would introduce contact nonlinearity; 
that's why we avoid it. # 


[2] Select the 
cylindrical surface as 
shown in [3]. | 


Details of "Bearmg Load” 


5.4.4 Specify Load 


@ Force 
*% @, Moment 
@. Pressure 


Loads 


A: Static Structural 
[1] Select Loads/ teal ai 
Bearing Load from — 
the toolbars. > 


[3] The bearing load is 
applied on this 
cylindrical surface. 


[) Bearing Load: 40. N 
Components: 0,, -40., 0. N 
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5.4.5 Generate Mesh 


[1] The mesh generated with the 
default settings (Resolution = 2). | 


— Display 


Display Style Use Geometry Setting 


=) Defaults 


Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 


— Sizing 


Use Adaptive Sizing Yes 
esokton PM © 
Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
nitial Size Seed Assembly 


Bounding Box Diagonal | 291.38 
Average Surface Area 2239.8 mm 
Minimum Edge Length | 1.0541 mm 
+|| Quality 
+) Inflation 
+ Advanced 
~ | Statistics 
Nodes 0020 
Elements 4919 


[2] The mesh generated with 
Resolution = 4. | 


=|| Display 


"splay Style Use Geometry Setting 
=|| Defaults 
Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 


=|| Sizing 


Use Adaptive Sizing Yes 


Resolution ne) 


Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
nitial Size Seed Assembly 


Bounding Box Diagonal | 291.38 mm 
Average Surface Area =| 2239.8 mm? 
Minimum Edge Length | 1.0541 mm 

+ Quality 

Inflation 

+ Advanced 

Statistics 


+ 


- e acy 
Nodes 10578 
Elements 5219 


[3] The mesh generated with 
Resolution = 6. Let's use this mesh. # 


| Display 


Display Style Use Geometry Setting 
=) Defaults 
Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 
- Sizing 
Use Adaptive Sizing Yes 
a : © 
Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
nitial Size Seed Assembly 


Bounding Box Diagonal 291.38 mm 
Minimum Edge Length 1.0541 mm 

+ Quality 

Inflation 

+ Advanced 

=) Statistics 


+ 
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5.4.6 Set Up Solution Branch and Solve 


Lietails of "Y Axis - Directional Defomnation | 


‘| Project | 
=) [ga] Model (A4) — 
| All Bodies 
—) AR Geometry 
x @ Solid Dizectional Deformation 


[+] fae Coordinate Systems 
J Mesh 
=) {E) Static Structural (A5) 
Wa Analysis Settings 
2, Fixed Support 
J®, Bearing Load 
=|] Solution (A6) 
¢{$] Solution Information ————y: 
Total Deformation 
a) Y Axis - Directional Deformation » 


/& Maximum Principal Stress J Salve [2] Solve. # 
@B Structural Error 


# a 
[1] Insert results 
objects like this. | 

ae 


Pd 
—————————— 


5.4.7 View the Results 


A: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 1 


0.35061 Max 
0.31165 
0.27269 
0.23374 
0.19478 
0.15582 
0.11687 
0.077912 
0.038956 

0 Min 


[1] Total 
deformation. | 


A: Static Structural 
Y Axis - Directional Deformation 
Type: Directional Deformation(Y Axis) 
Unit: mm 

Global Coordinate System 
Time: 1 


0.0005653 Max 
-0 035607 
-0.071779 
-0.10795 
-0.14412 
-0.18029 
-0.21647 
-0.25264 
-0.28881 
-0.32498 Min 


[2] Vertical 
deflection. al 
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Wrap Up 
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A: Static Structural 
Maximum Principal Stress 
Type: Maximum Principe! Stress 
Unit: MPa 
Time: 1 


3.8774 Max 
3.2564 
2.6354 
2.0143 

ae [3] Maximum 
0.77224 principal stress. | 
0.15121 
0.46983 
-1,0909 
1.7119 Min 


A: Static Structural 
Structural Error 
Type: Structural Error 
Unit: mJ 

Time: 1 


0.014707 Max 
0.013073 
0.011439 
0.009805 [4] Structural 
0.0081 708 
0.0065367 
0.0049025 
0.0032683 
0.001 6342 
14734e-8 Min 


error. | 


[5] Close Mechanical, save the project, and exit Workbench. # 
Se ———<——<————————————————————__—F 
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Section 5.5 


Review 


5.9.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. (  ) Adaptive Meshing 
2. ( _ ) Bearing Load 

3. ( _) Coordinate System 
4. ( _ ) MultiZone Method 
5. ( ) Sweep Method 
Answers: 


L(E) 2(A)3.(B) 4(D) 5 (C) 


List of Descriptions 


(A) In 3D simulations, it applies on cylindrical faces. The total force is distributed on the compressive side of the 
cylindrical faces. 


(B ) To define a coordinate system, we need to specify the type of coordinate system, the location of origin, and the 
axes. The types of coordinate systems may be Cartesian or Cylindrical in the current version of the Workbench. 


(C ) A meshing method, in which the source faces, selected manually or automatically, are meshed, and the 2D mesh 
grows to become 3D elements by sweeping along a path up to target faces. Not all 3D solid bodies are sweepable. A 


sweepable 3D solid body often can be meshed with hexahedral elements. 


(D) A meshing method. For a non-sweepable 3D solid body, the method tries to decompose the body into several 
sweepable bodies and then uses Sweep method to mesh each body. 


(E ) An automatic and iterative solution process to meet a user-specified solution accuracy. The basic idea is to refine 
the mesh size in the area of large structural errors until the specified accuracy is satisfied. 
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5.5.2 Questions 


Symmetries 


We didn't take any advantage of symmetries in all three simulation cases of this chapter. Point out the planes of 
symmetry in each model. 


5.5.3 Additional Workbench Exercises 


Simulation with Symmetric Models 


It is a good exercise to redo the simulations in this chapter, taking advantage of the symmetries. 


Additional Exercises 


Additional Exercises of 3D simulations can be found in the Verification Manual for WorkbenchlRef !], 


Reference 


|. All Help>Verification Manuals>ANSYS Workbench Verification Manual 
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Chapter 6 


Surface Models 


Many real-world objects can be modeled as surface bodies. For example, in Section 4.3, we modeled the glass as a 
surface body. The 2D bodies in Chapter 3, although created as surfaces, are called 2D solid bodies in Mechanical. 
Remember that 2D solid bodies do not have out-of-plane bending. This section focuses on the simulations of 3D surface 
bodies. 

When a real-world body is thin enough, it is usually a good candidate for a 3D surface body. Workbench will mesh 
surface bodies with shell elements (1.3.3[9-11], page 38). There are many advantages of using surface models over 3D 
solid models. First, creating surface models is usually easier. Second, the problem size is much smaller; that implies a 
much smaller computing time. Third, it often results in a more accurate solution due to the efficiency of shell elements. 
Therefore, engineers should consider using surface models instead of solid models whenever possible. In the old days, 
surface models were visually awkward since they had zero thickness and occupied zero volume in the space. Workbench 
avoids this awkwardness by allowing a rendering of thickness, so that the surface bodies can be visually the same as solid 
bodies. 


Purpose of This Chapter 


The main purpose of this chapter is to introduce the use of shell elements. This chapter guides the students to create 
surface models and perform simulations using surface models. The chapter uses three examples; two of them are purely 
surface models while the other one is a model mixed up with solid bodies and surface bodies. 


About Each Section 


Section 6.1 creates a bellows joint model and performs a simulation. In Section 6.2, the bracket, which we introduced in 
Sections 4.1 and 5.1, is used again to demonstrate how an existing solid model can be transformed to a surface model 
using the tool Mid-Surface. The solution is numerically comparable with that obtained using the solid model in 
Section 5.1, while using much less computing time. Section 6.3 demonstrates the simulation of a model that has a mix-up 
of solid bodies and surface bodies. 
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A: Static Structural 
Hoop Stress 7 


Type Normel Stress(V Ans) - Tap/Bottor 
Unt MPe 
Cylindrical Coordinate System 
Time 1 
e 145.01 Max / 
12275 


Bellows Joints —s 


6.1.1 About Bellows Joints 


[1] The bellows joints [2-3] are used to absorb thermal or vibrational movement in a pipeline system that transports 
high pressure gases; they are designed to sustain internal pressure as well as external pressure. The external pressure is 
considered when the piping system is used under the ocean. With the internal pressure, the engineers are concerned 
about its radial deformation (due to a tolerance consideration) and hoop stress (due to a safety consideration). With 
the external pressure, buckling is the major concern, which will be discussed in 10.4.2, page 388. | 


[4] In this section, we will perform a static structural simulation 
under the internal pressure of 0.5 MPa. 

The bellows joint is axisymmetric both in geometry and 
loading. It is also symmetric about a horizontal plane. We will 
take advantage of these symmetries and model 1/8 of the 
bellows joint as a 3D surface body. 

We might model the bellows joint as an axisymmetric 2D 
solid body; however, it would result in a poorer solution than 3D 
surface body for this particular case, in which the bending 
dominates the structural behavior. # 


[2] The bellows joints are 
made of an SU3 16 steel, 
which has a Young's 
modulus of 180 GPa anda 
Poisson's ratio of 0.28. | 


R315 


Unit: mm. 


[3] All the arcs have radii of 7 
mm. The thickness of the 
sheet steel is 0.8 mm. \ 
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PART A. GEOMETRIC MODELING 


6. | 2 Start Up AX Bellows - Workbench - Qa x 


File few “Tools Units Extensions Jobs Help 
Project 


& Analysis Systems 
@ Design Assessment 


& Harmonic Acoustics 
Harmonic Response 7 @ Results 2 


Bellows. \, 


2 Eigenvalue Buckling : * 
. Electric 7 state Structural 
BS Explicit Dynami 
[!] Launch @ Fluid Flow "plow Molding (Polyflo [3] Start up 
Workbench and save aml @ vss : DesignModeler. # 
i © Fluid Flow (Fluent) 3 
the project as Fluid Flow (Potyflow) : . — 3 : rs 


Hydrodynamic Diffraction 
Ei Hydrodynamic Response 
£§ IC Engine (Fluent) 
- IC Engine (Forte) 
Magnetostabc 
Gi Modal 
LJ Modal Acoustics 
G Random Vibration 
OB Response Spectrum 
Et Rigid Dynamics ( . 
Seaic Aces — | [2] Create a Static 
[9 Steady-State Thermal Structural system. i 
@} Thermal-Electric 
&2 Topology Optimization ee 
Ee Transient Structural 
&®* transient Therma! 
€ Turbomachinery Fluid Flow 
& Component Systems y 


Static Structural 


Y view All / Customize... 


©) Double-click component to edit. FE® job Monitor... =) Show Progress 9 Show 0 Messages 


a ”  e 


6.1.3 Create a Sketch 


[1] Select Millimeter as the length unit. 
Draw a circle on XY Plane like this. 
Specify the dimensions (R7, 322). | 


al O ———————————— a 
—“" , [2] Draw two additional circles of the same radius as the 
e ‘\ | first circle (R7), making sure an R (radius) constraint 
3 5 appears before clicking to define the radius for each 
= J circle. Specify their locations (14, 14, 14,14 mm). | | 
& Pai, a call 14 
— \ 
rn) 
" , 
an 
_—<——— 322 —— 14 — 
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[4] Trim away unwanted segments 


[3] Draw two horizontal 
lines using the Line by 2 
Tangents tool. — 


like this. To do this, you may need 
to draw auxiliary lines. | 


Le 
rv \ oO + 
o = { ig 
—2—_——_——_#—__ 14 
Oe 14 
va %\  _ 
{ | : r 
Pree rr PPR ee rr if | 
at 
\ Pa | 14 
\ f : ¥ 1 
, = Ff == a arareminenie | en cin ee t. 
22 op2—— 14 —»} 
372 — 4 ~ 
— 
[6] On the top, draw a 
2 vertical line and specify the 
dimension (20 mm). # 
| o Q o 
. a beg > >—————“-(q7c70- 
. | 0 
a » am f 
{ { . 
= —3 oe a 
S } a 
y om ———————— 
7 { 
ge \ 7 . 
a } ; 
8 al , ~s al 
. { . 
\ 
Q ; e 
: |4—- r lee. >| 
f « } i [5] Replicate 4 times { | 
\ | _ t 
5 ee upward. \ a | , 
\ —— 
” o—}—f <i 
— \ - — ; ‘ 
siteataenmeaanane | a i | ra Nl 
leaectoanonsenssscccacoceceenenssvenseses Bacccedpeccnccccccacebvccncenessecceshe: 
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6.1.4 Create Surface Body 


[1] Click Revolve 
on the toolbar. > 


[4] Click 
Generate. \, 


| Details of Symmetry! 


ce mmetn Swresmerr7 
r l. Clry 


=) J 7 
Number of Planes | 3 
Symmetry Plane 1 | XYPlane 
Symmetry Plane 2 ZxXPlane 


Symmetry Plane 3 | YZPlane 


Model Type Full Model 
Target Bodies All Bodies 
Export Symmetry | Yes 


By 
- Details of Revolve P 


( 
La 

t 

? 
=i 
O 


J 


~ 


- : o 
ketch Sketch 
JAC LL wT ON <8 4 


«| 
| 


| 


. 
*. 
“ 


, 


[|] Pull-down-select Tools/ 
Symmetry (3.1.1 1 [7], page 119). 
Select 3 for Number of Planes. | 


[2] From the model tree, select 
XY Plane for Symmetry Plane I, 
ZXPlane for Symmetry Plane 2, 

and YZPlane for Symmetry Plane 3, 


respectively. > 
\ 5 
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[2] Click to bring forth 
Apply/Cancel buttons 
and select the Y-axis in the 


%, 


graphics window. | 


Merge Topology? | Yes 
oA - sor Selecllone 1 [3] Type 90 (degrees). = 


[5] A 3D surface body is 
created. Rotate to view the 
model isometrically. # 


ri Generate 


[3] Click 
Generate. The 
symmetry conditions 
are imposed, 
although you don't 
see any changes of 
the model. These 
boundary conditions 
will be exported to 
Mechanical. 
Close 

a DesignModeler. # 
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PART B. SIMULATION 


6.1.6 Prepare Material Properties 


i 


[1] Double-click 
Engineering Data to adda 


3 oH Geometry 


Static Strochral 


21@ EngineeringData “ , 


material. // 4 @ Model i 
5 ee Setup Py 
6 @& Solution © a 
[5] Click to return to [2] Type SU316 to adda 7 @ Results | a 
Project Schematic. \, new material to Static Structural 
Engineering Data. / 
ola] ia| al | Project Jo A2: Engineering Data x 
= — ae 
a. 
ie) — Properties es [le | D 
3 
A] IsotropicElasticty O 
fia Orthotropic cnn: Fatigue Data at zero mean stress comes 
| ‘= | from 1998 ASME BPV Code, Section 8, Div 
ea) Hyperelastic Expe 2, Table 5-110.1 | 
fH Hyperelastic 
[3] Double-click —— 
‘ a Properties of Outline Row 4:SU316 ~ @ X 
Isotropic Elasticity _—— ~ 
to include the material , adh Sal 
properties. > Property | Value |__Unit | fa a) 
Gasket 2 Si | Isotropic Elasticity | ai 
fl Viscoelastic Test Data 3 Derive from Young's Modulus and Poisson's Ratio wv _ 
Viscoelastic 4 Young's Modulus 1.8E+11 é Pa 
| ee <huane Memory Allows tiene | Poisson's Ratio 0.28 O ia 
ape Memo sttteneseeeeee — 
feel Aaa — | 6 Bulk Modulus 1.3636E+11 Pa A 
| 7 Shear Modulus 7.0313E+10 Pa ] 
% [4] Type |.8el | (Pa) for 


Young's Modulus and 0.28 
for Poisson's Ratio. \. 


2 @ EngineeringData “ a 
3 QW) Geometry [6] Start up Mechanical. 
And make sure the unit 


5 Ge Setup = system is mm-kg-N-s. # 
a — ee 
6 @=} Solution 2 y 
p Results T 4 
Static Structural 
er if 
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6.1.7 Assign Material and Thickness 


6.1.8 Generate Mesh 


-) Display 


Display Style 
= Defaults 
Physics Preference 
Element Order 
Element Size 
=) Sizing 
Use Adaptive Sizing 
Growth Rate 
Mesh Defeaturing 
Defeature Size 
Capture Curvature 
Curvature Min Size 
Curvature Normal Angle 
Capture Proximity 
Bounding Box Diagonal 
Average Surface Area 
Minimum Edge Length 
+ Quality 
+) Inflation 
+ Batch Connections 
+ Advanced 
= Statistics 
Nodes 


Elements 


—s c + 
Use Geometry, Setting 


Mechanical 
Program Controlled 


Default (11.795 mm 


8903.4 mm 


10.996 mm 


P= Project 
=| [gi] Model (A4) 
= JA Geometry 


Mysy Surface Body 


+ yak Coordinate Systems 


i 
[1] Highlight 
“ Surface Body. | 
£&) Mesh 
———— an | 


-|-[£] Static Structural (AS) 
Wa Analysis Settings 
=|-2@] Solution (A6) 
#4) Solution Information 


fisehsuriare a 
Graphics Properties 
=]| Definition 
Suppressed No 
Stiffness Behavicu Flexble 


Default Coomdinate System 
Reference Temperatwe | By Envivonment 


[2] Type 0.8 ian 


0.8 mm ° 
—— — for Thickness. | 
Offset Type Middle ——____—____“ 
Behavior None \ 
—]| Matexial 
Assignment SU316 [3] Select 
Nonlineax Effects Yes SU3 16. # 
Thermal Strain Effects | Yes —_____# 
Boendiag Box 
Properties 
Statistics 


-]|CAD Attabetes 


DMSheetThickness [0 


eC 


[2] The default settings generate about 
14,500 shell elements. Note that each 


node of shell elements has 6 degrees of 
freedom (1.3.3[10], page 38). # 


[1] Generate mesh. f 


ie et Pee eee 2 ee eee 
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6.1.9 Specify Supports 


[2] Select this face. 


a 
[1] Highlight Static 
Structural in the 


project tree and insert 


a Fixed Support. /” [3] And click Apply. # 


™ r 
e Fixed Geometry Selection 
TVVE  w& Frictionless Geometry 1 Face O 
Supports -| Definition 
‘ @ Displacement Type Fixed Support 
Structural Suppressed No 
/ % 
[4] And click 


6.1.10 Apply Pressure Apply. | 
| 


-|, Sco 
@ Force “ . ——— 
Scoping Method | Geometry Selection 
x @, Moment Geometry 22 Faces 
=| Definiti 
Loads - inition 
oe. Pressure © ype Pressure 
. Define By ormal To 
Applied By Surface Effect 


| BEC -0.5 MPa (ramped) 
Suppressed No 


$$ __# —~ 


[2] Select any face and right- 
click-select Select All. 
Alternatively, you may use 
the Extend to Limits 
tool (4.4.5[5], page 199). \ 


[1] Insert a 
Pressure. / 


[5] Type -0.5 (MPa) for Magnitude. 
A negative pressure on the external 
faces is equivalent to a positive 
pressure on the internal faces. # 


Insert 
Ge To 


Y Hide Body (F9) 
Y Filter Tree Based On Visible Bodies 


[3] All external faces are highlighted. 
Pressure will be applied on these 
faces. See 6.4.1 (page 269), "Top/ 

Bottom of Surface Body" and 

7.3.10[15] (page 302). T 


| Suppress Body 
) Hide Face(s) (F8) 


(@ Isometric View 
equ Set 
a Restore Default 


(@ Zoom To Fit 7) 
GD Image To Clipboard (Ctrlt C) 


Cursor Mode 
View 


09 Lock At 


>» Creste Coordinate System 
£%© Create Named Selection (N)... 
We} celect All (Cult A) 

ipa) Select Mesh by ID QM)... 
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6.1.11 Create a Cylindrical Coordinate System 


- Definition 


ype Cylindrical [|] Highlight Coordinate 
Coordinate System Program Controlled \ ok Coordinate system [fe Systems in the project tree, 


APDL Name and click Coordinate 
suppressed io System in the toolbars 
=]| Origin (5.2.10[2], page 224). <— 
Define & Global dinates © 
os y, 
Origin 0. mm ee 
Origin Z 0. mm [2] Set up the coordinate [3] The cylindrical 
acai Click to Change system like this. > coordinate system should 
=) Principal Axis \ look like this. | 
Axis Z O 
Define By Global Y Axis O 
=| Onentation About Principal Aoas 
AXIS O 
Define By Global Z Axis O 


+) Directional Vectors 
-| Transformations 
Base Configuration Absolute 


- ctar = = - = +). rn nf 
ansrormeéesc Conriguration | v. u 


a 


= yok Coordinate Systems 
yas. Global Coordinate System 
yo XYPlane 
yaw TxPlane 
> YZPiane 


‘ ~— Pad 
ya, Cylindrical Coordinate System © 


7" 


6.1.12 Set Up Solution Branch and Solve the Model 


[4] In the project tree, rename 
the newly created coordinate 
system to Cylindrical 
Coordinate System. # 


Details of "Directional Defomnation™ 


E]| Scope 
Scoping Mati 
GB — 
mk. =| Definition [3] Since a cylindrical 
DESOTETRERR Type DuasGosel Deberascn coordinate system is 
| Orientation X Axis @ used, the X-direction 
By Time should be read "radial" 
Display Time direction. . | 
Cooudinate System | Cylindrical Cocudinate System O 
Calas Tie Hiey [Yes 


ene es 
Sued ieSSSC~*d 


[2] In the Details, select 
Cylindrical Coordinate 
System. { 


"hy 


[1] Highlight Solution in the 
model tree, and insert a 
Deformation/Directional. — 


\ ———— 


i 


[+]| Information 
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Details of "Normal Stress” 


&p Geometry All Bodies 


ws Poston [6] Select Y Axis for 
ees G|Defaition = s|:«(Orrientation. TheY- 


i Te [Norra Stace direction should be read 
Onentation [YAKS O=< "hoop" direction. ,/ 
a y 
a 
[4] Insert a Stress/ Calculate oS Yes \| 
Normal. — mente: al 


—— 
_ 
=]| Integration Point Results 


5] Select Cylindrical 
Binley Opin [Avenel coe iresee 


aang eT ea oordinate System. { 
=]| Results 


i 


Mesarmum 


GI) -y{4] Static Structural (AS) ‘Minimum Qoous On| 
ViA Analysis Settings 
J®, Fixed Support 
J®.. Pressure 
5 “eI oe (A6) 
Solution Information 


= Radial Deformation 
MB Hoop Stress 


6.1.13 View the Results 


[7] Rename for 
better readability. > 


[8] Click 
Solve. # 


SS 


ee a [1] Select Radial Deformation in the 
1.0 (True Scale 
project tree. The default scale is too 
exaggerated; select True Scale. <— 


Scoped Bodies 


v Large Vertex Contours 


| 

A: Static Structural 

Radial Deformation Z 
Type: Directional Deformation(X Axis) 

Unit: mm 

Cylindrical Coordinate System 


[2] The Time: 1 


7 1 2979 
0.11125 
0.092708 
0.074166 
0.055625 
0.037083 
0.018542 
0 Min 


maximum radial 
deformation. a 
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A: Static Structural 

Hoop Stress Z 
Type: Normal Stress(Y Axis) - Top/Bottom 

Unit: MPa 

Cylindrical Coordinate System 

Time: 1 


[3] The maximum 
hoop stress. | 


99.963 
77.338 
54.713 
| 32.088 
9.4629 
-13.162 
| -35.787 
-58412 Min 


e 
Wrap Up 
[4] Save the project and exit Workbench. # 


ee | 


Reference 


|. All Help>Mechanical APDL>Theory Reference> | 3.208. SHELL208 


@Seismicisolation 


Section 62 Beam Bracket 249 


B: Static Structural (Surface Model) 
Equivalent Stress 


uy Type Equivalent (von: Mises) Stress - Top/Bottom 
Unit MPe 
Time 1 
77.615 Max 
69 061 
& 60507 
51954 


9 
0.63166 Min 


Beam Bracket 


6.2.1 About the Beam Bracket 


[1] In Section 4.1, we created a 3D solid model for the beam bracket, and the model was simulated in Section 5.1. 
Since the seat plate (flange) and the web plate are relatively thin and have uniform thicknesses, is it possible to model 
the beam bracket as a surface model and obtain a comparable result? 


To create a surface model for the beam bracket, we don't have to start from scratch; we can use a tool in 
DesignModeler, called Mid-Surface. In fact, surface models are often created this way. CAD models are usually 
created as 3D solids, since they are created for multiple purposes, and simulation is only one of them. When a surface 
model is needed for simulation, Mid-Surface is a powerful tool to extract a surface model from a solid model. # 


PART A. GEOMETRIC MODELING 


6.2.2 Start Up 


[2] Right-click here and 
select Duplicate from 


A Bracket - Workbench 
the context menu. /“ 


Tools Units Extensions Jobs 


y 


b al Project 
t [@) Refresh Project # Update Project 


~ @ x 


Ba ACT Start P 


Project Schematic 


Ny alysis Systems 
psign Assessment 


penvalue Buckling ~ 
1G StatcStutural @ my 
2 @ Engneering 4 
[!] Launch ae [4] Change the name to 
Workbench and open @ vow 7 Static Structural 
the project Bracket, 5 Ga Set “a (Solid Model). | 
which was saved in 6 @& souton “4 
Section 5.1]. 7 hide a 
Static Structural (Solid Model) 
GB inten tiheatian 
: [6] Double-click to 
[3] The duplicated - : edit the geometry. # 
analysis system. — a 
2 @ Engineering Data 7 4 
GJ Topology Optimization 3 @ Geometry 4 
@ Transient Structural | 4 @ Mode! wv 
Transient Thermal 5 @ stp y 
& Turbomachinery Fluid Flow : = 
& Component Systems ia GS Solubon A’ [5] Change the name to 
——— era Satie indo 
ca ic Structural (Surface Mode 
B Act (Surface Model). { 
= - r 
|v View All / Customize... I y 
@ Ready FEU job Monitor... (©) Show Progress |.) Show 0 Messages 
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6.2.3 Automatically Find Face Pairs 


‘a \ 
| Details of MidSuxfl : | [2] Select Automatic to let 


Tools Units View Help 


(Freeze the program find face pairs. 
{ Unfreeze Type 10 (mm) for 

GB Named Selection Minimum Threshold and 
© Attribute 16 (mm) for Maximum 


Threshold. | 


[1] Pull-down-select 


Tools/Mid-Surf [3] Select Yes. As soon as 
ools/Mid-Surface. —> 


you select Yes, three face 
pairs are automatically found 


ise 6 20d displayed in the yellow 
area (also see [4]). / 


@& Projection 
B) Conversion 


[2] Weld 


Repair 


Analysis Tools p [4] Three face 
3 pairs are found 


and colored. / 


rs 


Parameters 


Electronics > 


# 


ap Upgrade Feature ¥ersion... 


LD Options... [5] Click 


Generate. | 


[8] This example is so simple 
that DesignModeler can 
automatically find all the face 
pairs. For complicated cases, you 
may need to manually select the 
face pairs. To illustrate manual 
selection, let's delete what we've 
done on this page, and redo it 
manually on the next page. Now, 
right-click MidSurfl and select 
eer ie Sa oenneetneneemnnmnnmndl Delete (Suppress has the 

same effect). # 


[6] Two surface bodies are 
generated; they form a single 
part (see [7]). \, 


# 


¥)[F) FL 


[7] The two 


v . 
MidSurfl surface bodies 
=| / Ga 1 Part, 2 Bodies form a single part; 
=| @% Solid i.e., they are 
--, © Surface Body treated as an 


£2 Surface Body integrated part. | 
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6.2.4 Manually Select Face Pairs 


Tools Units View Help 


() Freeze 
{2 Untreeze 


Cif Named Selection [3] Control-select this 


@ ates 
® as ? face. This and the last 
Ps] Mid-Surface  @ face form a face pair. 
4 Jon Mid-Surface tool will 
@ Bie extract the mid-surface 
P’] Foce Split | [2] Select of a face pair. / 
diy Symmetry | [1] Again, pull-down-select ‘his ace. Ss 
fa) Fill Tools/Mid-Surface. — 
ay 
Be Solid Ey f x 
ales [7] Control- —-~\ 
o, : hi 
od ‘er = [5] Control-select 
@ Projection , i 
es this face. / 
[i] Weld 

Repair 

Analysis Tool p [4] Select 
e% Form New Pa (without 
Parameters holding the 

ara ; Control key) 

this face. > 


P Upgrede Feature Version... 


CS Options... 


yA 


[6] Select (without 
holding the Control 
key) this face. 7 


[9] Click 


Generate. | 


[8] Click Apply and 
select Manual. — 


Fece Pens @ 
FDS, Selection Tolerance (>=0) |O mm 
FD1, Thickness Tolerance ©=0) | 0.0005 mm 
FD2, Sewing Tolerance @=0) 


Extra Tannvang 


[10] Two surface bodies 
are generated. Again, they 
form a single part (6.2.3[7], 


last page). . | 


Intersect Untammed with Body 
No 
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7 
[1 1] Rename the two 


ay 


El _ |g] B: Static Structural (Surface Model) 


surface bodies for better fe XVPlane 
readability. Close vote ZX Plane 
DesignModeler. # vote ¥ZPlane 


sd ad ot oe od 


. ape Bel 
oe 
PART B. SIMULATION 7 ead 


ye | Part, 2 Bodies 
o@ Solid 
£0) Seat Plate 
oo ED Web Plate 


6.2.5 Start Up Mechanical 


sy 
[1] Double-click to start up 
Mechanical. Click Yes to 
update the model. In 
Mechanical, make sure the unit 
system is mm-kg-N-s. # 


Static Structural (Surface Model) 


6.2.6 Check Material and Thickness 


E| Project EI ree 
=) {gal Model (B4) = |g] Model (B4) 
=F 
=| A Geometry =) A Geometry 7 
= Jt Solid [l] Hi . =| /f Solid 
_— ighlight 
ye y & Seat Plate : ; 
” By Web Plate Seat Plate. | "ta [3] Highlight 
+ yo Coordinate Systems + 9 Coordinate Systems Web Plate. | 
ASD) Connections ———________” on Connections 
=) ric) Mesh = Mesh 
74) MultiZone 2%) MultiZone 


[=] Static Structural (B5) 
Wa Analysis Settings 
7B Fixed Support 
2B, Force 


=)~9[2] Static Structural (B5) = 
wa Analysis Settings 
7B Fixed Support 
2D Force 


Dé ta: 


as 2 
Le 


Graphics Properties Graphics Properties 


| Definition [| Definition 
Suppressed No Suppressed No 
Stiftkess Behavior _| Flexible Stiftness Behavics | Flexible 
Coosdinate System Default Cocudinate System Cooudinate System  —- Default Coondinate System 
Reference Ternperatwe | By Envixonment Reference Temperatwe By Environment 
Thickness 16. mm O Thickness 10. mm O 
Refresh on Update Thickness Mode Refiesh ca Update 
Offset Type Middle ~~ -UUt~——CC Offset Type Middle | nt.” 
soe = [2] Make sure the | j= = [4] Make sure the 
cpa thi | ) : 
thickness is 16 (mm) Assignrrent Stuctusl Steel thickness is 10 (mm) and 
ae and select a | eo Ce select Structural Steel 
Thermal Strain Effects | Yes Structural Steel Thenel Stain Effects Yes for Assignment. | | 
for Assignment. /7 
fee oe | 
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Thickness Assignment 


[5] The surface bodies are created using the Mid-Surface tool. In most cases the thicknesses of bodies are correctly 
calculated and transferred to Mechanical. For some complicated cases, the thicknesses may not be correctly 
calculated and transferred. It is good practice to always check material and thickness assignments in Mechanical. # 


6.2.7 Redefine Fixed Support 


: Project 


=| [ga] Model (B4) 
=| ABB Geometry 


= Ap Solid 
/Y §& Seat Plate / 


y By Web Plate [1] Highlight Fixed 


yas Coordinate Systems 


[2] Control-select 


| Support. — 
Connections 
these three edges. és ‘- aed 
You may need to (-) {—] Static Structural cos) / 
use the edge "oon FN Analysis Settings v4 
selection filter. > JB, 
°F. Force 


=)-2lg@a] Solution (B6) 
Ai Solution Information 
JS Total Deformation 
ABB Equivalent Stress 
J@ Svuctural—rrorn 7 t”t~<C<CSC<C 2C ;«CS*é‘~SN 


os a — [3] And click 


6.2.8 Redefine Force 


Bl Project* 
=} fR) Model (B4) 
i] y® Geometry 
y & Seat Plate 
y & Web Plate 
6 Materials 
l-ytk Coordinate Systems 
ve Connectons 
> &B Mesh 
=) » fq Static Structural (BS) 
sit] Analysis Setings 
@ Fixed Support . . 
‘a ta ja [1] Highlight 
=)-9%} Solution (B6) | Force. \, 
¢P) Solution Information | 
ie Ht 
¢@ Total Deformation 
£@ Equivaient Stress 
¢@% Structural Error 
yf} Stress Tool 


Details of “Force” 7 &€0 ——————$$—$ $$ 
- Scope 
Scoping Method | Geometry Selection [3] And click 
Geometry 2Faces O Apply. | [2] Control-select these 
= Definition two faces. You may 
Type Force ———___—_—_* need to use the face 
Define By Components selection filter. <— 
Applied By Surface Effect KS J 


Coordinate System | Global Coordinate System 
X Component (0.N (ramped) ; 
Y Component | -27000N (ramped) [4] You don't need 
ZComponent |0.N (ramped) to change these 

Suppressed settings. # 
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6.2.9 Generate Mesh 


Project 


=) ABM Geometry 
=| A Solid 
y & Seat Plate [1] Delete 
y By Web Plate Multizone. — 


ca yak Coordinate Systems 
/®) Connections 
=|. 2€@) Mesh 
2 
=} yf{E) Static Struct 
vig Analysis £ gfe Inflate This Method 

Js, Fixed Sur ~ Update 


« Force 
¥ Generate Mesh 


= 
| 


Insert > 


=) -2(g] Solution 
AQ Solt 
J&P Toi Preview , 
MBEW hoy > 


J&B str 
#)-@l Ste FS) suppress 


Duplicate 
Copy 
% Cut 


a 
alb Rename (F2) | 
ab Rename Based on Definition 


Group (Ctl+ G) 
|] Group Similar Objects 


Start Recording 


[4] The mesh 
consists of all 
quadrilateral shell 
elements. Note 
that, by default, the 
thicknesses are 
shown. > 


eee 
LAAT I TIE 
SIILE (tL 


ALLA 
| [pala 


| 


“fs 
Atti 


Soo 


atte. 
ol 
T7tt2 


eta 7° aMm*x 
= Display 
Display Style Use Geometry Setting 
=| Defaults T° 
Physics Preference Mechanical [2] Select 2 for 
Element Order Program Controlled Resolution. We 
i. want to show that 
Use Adaptive Sizing | Yes the results of even a 
Resolution 2 coarse mesh of shell 
Mesh Defeaturing Yes elements are 
Defeature Size Default , 
Transition Fast comparable with 
Span Angle Center Coarse the results in 
initial Size Seed “Assembly Section 5.|. | 
Bounding Box Diagonal | 295.53 mm 
Average Surface Area = 13880 mm? 
Minimum Edge Length 20.0 mm 
+) Quality 
+, Inflation 
+| Batch Connections 
+) Advanced aS 
gt [3] Generate 
Nodes 1018 O 
Elements 924 O mesh. <— 
ee 


Generate 


“Ss 


Sti 


[5] You may turn off the 
thicknesses display by de- 
selecting Display/Thick 
Shells and Beams in the 

toolbars. # 


Oa. 


ZL 
wee 2 
ett 


£33 


Th 


&) 
O 
EA 
NW 
Fl 
3 


Display Thick Shells} Cross Display 
and Beams |Section Style~ 


Styte 
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6.2.10 Solve the Model 


B: Static Structural (Surface Model) 


Type: Total Deformation 


‘Untmm ©” 
5 = [1] Solve. | | aa 
4 0.10973 Max | 


Solve 

0.085342 
0.07315 
0.060959 
0.048767 
0.036575 
0.024383 
0.012192 
0 Min 


| | 


B: Static Structural (Surface Model) 


Type: Equivelent (von-Mises) Stress - Top/Bottom 
iv 
Time: 1 


69.061 
60.507 
31.954 

43.4 

34.846 
26.293 
17.739 
9.1853 
0.63166 Min 


Surface Model versus Solid Model 


[2] The results are quite comparable with those obtained in 5.1.13[8-9] (page 218). The surface model in this section 
consists of 6,108 degrees of freedom (6 DOFs x 1,018 nodes = 6108 DOFs, see 6.2.9[3], last page) while the solid 
model consists of 27,651 degrees of freedom (3 DOFs x 9217 = 27,651 DOFs, see page 217)! In general, before you 
decide to use a solid model, reconsider the possibility of using a surface (or line) model. | 


Wrap Up 


[3] Save the project and exit Workbench. # 
% 
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Section 6.3 


Gearbox 


In DesignModeler, a 3D surface body is usually created using one of four techniques: (a) Creating a 2D sketch and 
applying Concept/Surface From Sketches to generate a planar surface body; this technique has been 
demonstrated in Section 4.3 to create the glass. (b) Creating an open sketch and then using Extrude, Revolve, 
Sweep, or Skin/Loft to generate planar or non-planar surfaces; this technique has been demonstrated in Section 6. | 
to create the bellows. (c) Applying Tool/Mid-Surface to extract mid-surface from a solid body; this technique has 
been demonstrated in Section 6.2 to create a surface model for the beam bracket. (d) Using Thin/Surface tool; the 
idea is to extract the exterior "shell" of a solid body. We will demonstrate this technique in this section. 


6.3.1 About the GearboxlRef !] 


[4] The housing is 
made of a 
stainless sheet 
steel of 3 mm 
thickness. # 


[2] The flanged 
bearing is made of a 
gray cast iron. | 


[|] Gears are used to transmit mechanical power. During the power 
transmission, the gears exert forces on each other. Through the gear 
shafts, the forces eventually reach the bearing supports. A gearbox is 
designed to withstand the bearing forces. 

In this case, engineers are concerned about the deformation of 


the gearbox, for it may cause a displacement of the rotating axes, 
which may reach a point where the transmission becomes defective. 

In this section, we will create a 3D model for the gearbox and 
conduct a simulation. The model will consist of two solid bodies for 
the flange and the base, made of a gray cast iron [2-3], and a surface 
body for the housing, made of a stainless steel [4]. — 


[3] The base 
is also made 


aaa a of the gray 
(R70) 
lax (ANA 


(RI70) 


oO 
ran] 


355 
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PART A. GEOMETRIC MODELING 


¥ 
—E————— 
: 
6.3.2 Start Up 2 @ EngineeringData YW , 
\ 3 [2] Start up 
[1] Launch Workbench. — DesignModeler. # 
Create a Static 4 @ Model 
Structural system. 5 @@ Setup P « ——____—" 
Save the project as 6 | @ Solution 2 | 
Gearbox. — : 
N y 7 @ Results a, 4 
Static Structural 
ee 


6.3.3 Create the Housing 


[1] Select Millimeter as 
the length unit. Create a 
sketch on XYPlane like 
this. Impose Tangent 
constraints wherever 
necessary. Trim away all 
internal segments. Leave 
only the outlines. > 


=| Details of Extrude! 


ewe (Beet 
FDI, yeO|s0mm 
As Tints? | 


R170 


a." 
[2] Extrude the 
sketch 50 mm both 
sides. Remember to 
click Generate. <— 


[3] Click Thin/Surface 
on the toolbar. | 


() Thin’Surface vr . 


. 
a, 
‘ 


Details View [4] Select the bottom 


face of the newly 


cnc A : 
Scleotin Tre ”*d(Feses Remo © | created solid body. | 
ie 0 
Durection Inwead 
FDL, Thickes O20) lO mum 5 [5] To create a surface body, you must type a 
"FD Face OffetG=) [0mm i zero value for the thickness. If you type a 


nonzero value, it would create a "thin solid body" 
(see 4.5.5[1-2], page 206) instead of a surface 
body. Remember to click Generate. # 


Preserve Bodies? No 
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6.3.4 Create the Bearings 


=]| Details of Extrude2 
Ede [Bee 


FD1, Depth (0) 


or 
i 


Taaget Bodies All Bodies 
opology? | Yes 
[=]| Geometry Selection: 1 


Sketch | Sketch2 
= Se, 4 


= 
§ 


[2] Extrude Sketch2 


/ 


Extrude again. | 
Ki 


( [4] Click Apply. Sketch2 


oo 
[1] In X¥ Plane, click New Sketch to 


create a new sketch (Sketch2). Draw 
two circles using the existing arc centers. 
Specify their radii (R40, R50). | 


[i Extrude 


120 mm both sides. 
Remember to click 
Generate. | 


[3] Click 


| a | 


(current sketch) is used again. | 


[5] Select Cut Material. | 


[6] Cut 50 mm for both 
sides. Remember to click 
Generate. # 
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6.3.5 Create the Flange 


| Details of Extrade4 
Extruded 

\ Geomety Sketch3 O 

[I] In ZXPlane, Add Material 

draw a sketch like Duection Vector | None (Normal) 

this. Remember to tion Both - Symmetic © 
impose Symmetry Fixed 

constraints (about FDI, Depth @0)| 15 mm 0 
the vertical axis). > 


a EE |e 
“Mei 


4 
F 


: 
: 
F 
; 


= 
a 
J 
> 


[2] Extrude 15 mm 
both sides. Click 
Generate. <— 


[3] In XYPlane, click 
New Sketch to create 
a new sketch 
(Sketch4). Draw two 
smaller circles (than 
existing ones). Specify 
their radii (R20, R30). | 


Details of ExtradeS 


Eide [BS 
Toh AC 
A Batis 


[4] Extrude-cut the 
material with 
Through All option. 
Click Generate. # 
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6.3.6 Create the Base 


~ ‘ 
[2] Draw a 
[| Details of Plane4 ; WN rectangle on the 
ooo 


newly created 
plane (Plane4). 
Remember to 


[|] Create a new 
plane (Plane4) by 


; _— a O= offsetting ZXPlane impose a 
[Tansfoom 10RMB) 170 mm downward. Symmetry 
mm Oo Click Generate. — constraint (about 


the vertical axis). 


VA 


Geomety Sketch5 O 
Opemtion 
Pascua Verse 
Direction 
Extent Type Fixed 

FDI, Depth) [15 mm 0 
AsThinSufce? [No 
Mage Teno? on ober 
Geometry Selection: 1 i vy CA) Sketeh2 
Sheth Sees __cealeee Stich 

Elf. ZXPlane 

: yd Sketch3 
oo f. YZPlane 
~ / ( Extrude! 
~~ /[@ Thinl 
~/ (RB Extrude? 
~/[R Extrude3 
~/ IR Extrude4 
~/ ER Extruded 
~~ pte Planed 
/ 22) Sketch5 
~ UR Extrude 


[3] Extrude 15 mm 
downward to create 
the base. Click 
Generate. | 


Oi) 


a 
[4] Rename each 
body for better 
readability. Close 

DesignModeler. # 


@Seismicisolation 


Section 6.3 Gearbox 26| 


PART B. SIMULATION 


6.3.7 Bearing Loads 


[|] The bearing loads can be calculated according to the 
transmitted power, which is |75 hp in this case. Skipping the 
calculation details (if you are interested in the calculation 
details, please see the book by ZahavilRef'l), we summarize the 
bearing loads as follows. Note that these forces sum up to 
zero. | 


Bearing 


16000 30000 


3000 -30000 


0 
000 [0100 


Specify Bearing Loads 

[2] In Mechanical, a bearing load can be specified on a cylindrical surface. It is important to note that the bearing 
load is distributed on compressive side using projected area. This implies that axial components (here, the Z- 
components) will be zeros. In our case, the X- and Y-components (please refer to the global coordinates) of the 
bearing loads can be specified as bearing loads components, but the Z-components cannot be specified as bearing load 
components. The Z-components will be specified separately. # 


6.3.8 Prepare Material Properties 


$$ —__——~ 


[1] Click Engineering 
Data. Ve want to set up 


1 7 Static Structural 


3 (i) Geometry a material properties. <! 
4 ye Model = _ ef 
5 @ Setup - 
6 es Solution . a 
7 wy Results a 

Static Structural 
—VvVveeer a 
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[3] Engineering Data 
Sources. | 


a. 
[2] Click Engineering 
Data Sources. — 


al asl ia| aly Project |e a2 ngineeringData xX | 


[4] Click General 
Materials to load a library 
of material properties. | 


= x 


[yr expnentng Datel i engrecna at soxces | 


Toolbox vila x 


Engineering Data Sources 


| Physical Properties 


&) Linear Elastic 


Data Se 


Ne Wr Favorites Quick access list and default items 
- P| General Materials * Pr | ial | General use material samples for use in various analyses. 
4 w ee A a a td material samples for use in non-inear 
. | | ~—! 
. [7] Click @ Explicit Materials a | ee ™~ 
Engineering Data cates = | woven 
relastic Materials ateria , , 
=~ ol Ses" [5] Click the plus sign next 


return to Engineering 
Data. \, 
i+] Streng 
Viscoelastic Test Data 
Viscoelastc 


Sources again to | 


Shape Memory Alloy 


Damage 


Outline of General Materials 


7 to Gray Cast Iron.A 


1 
2 


Es 
(>) Gep 


ec po | “book" appears to the right, 
= Add ouce | indicating that Gray Cast 
Iron has been added to 
Engineering Data. | 


Contents of General Materials 


= Material 


&® Aluminum Alloy OK-5SH, page 3-277. 


eS Concrete 


- %® Copper Alloy re , " 
Bi Conceive core : i caatacs (a a [6] Also click the plus sign | 
AS AS She | 3 a next to Stainless Steel. — 
8 %® Magnesium Alloy | = 
ws Polyethylene oP = 
+ } _| 
®® Silicon Anisotropic ~ 
11 | %® Stainless Steel oI 
o. | <= | Fatique Data at zero mean stress comes from 1998 ASME 
se ee | 3 |B | >| sev code, Section 8, Div 2, Table 5-110.1 
13 %® Titanium Alloy | ae = 
“a li? 
[9] Click to return to Project 
Schematic. # 
[8] Now, Gray Cast Iron and 
Stainless Steel are included in 
al a3 El at ~ Project | @ A2:EngineeringData xX | Engineering Data. <— 
| Y Filter Engineering Ma Gile gineering Data Sources | 
Toolbox a eee ae Outline of Schematic A2: Engineering Data Lae ~ & x 
E} Linear Elastic Description 
ai 


A Orthotropic Elasticty 
YF Anisotropic Elastiaty 


Hypereiastic Experimental Data 
Hyperelastic 


Chaboche Test Data 


| + § 
3 ft 


aa | ==, | Fatigue Data at zero mean stress comes from 1998 ASME BPV 
“yp Structural Steel iz Code, Section 8, Div 2, Table 5-110.1 


f 


@Seismicisolation 


6.3.9 Assign Material and Thickness 


jetails of "Housmg” 


Thickness. \, 


Details of "Flange" 


Graphics Properties 
| Definition 


Suppressed 
Stiffress Behavioy Flexable 


Cooudinate System Default Coowlinate System 


Behavior None 
(=]| Matexal 


() 
Nal 
Thermal Stein Effects | Yes 


i 
——$ um 


[2] Highlight 
DMSheetThiclae} Flousing and select 
Stainless Steel. { 
MR Sc —“(‘(itiststssts 


Ms 


6.3.10 Set Up Connections between Parts 


( [1] A contact region is @) Project 
detected and automatically =| (@] Model (A4) 
created when the geometry was =| Geometry 
imported to Mechanical. ¥ ®& Housing 
Highlight Contact Region. ¥ @ Flange 
y @ Base 


\ — 


[+] yok Coordinate Systems 


fm Contact Region 


ov 
J Mesh 
>[=] Static Structural (A5) 
/£.y Analysis Settings 
-)--2lfa) Solution (A6) 
Ag Solution Information 


Lt 


[3] The default 
type is Bonded. 
We don't need to 
change it. | | 
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[4] Highlight Flange 
and select Gray 
Cast Iron. — 
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rr 
[|] Start up Mechanical. Make sure the unit 


ie system is mm-kg-N-s. Assign the material and 


thickness for each body [2-5]. 
[3] Type 3 (mm) for A y [2-5]. # 


- 


Details of “Base” 


+ Graphics Properties 
=|| Definition 
Suppressed. |No 


‘Stiffhess Behavice | Flexible 
‘Cooudinate System | Default Cooudinate System 
‘Reference Termpexatuve By Envivonrrent 


| Behavior None 

=| Material — a | 
“Assignrrent Gay Cesthon O | 
Nonlinesx Effects | Yes 


“Thermal Stain Effects | Yes 
Bouadiag Box 
Psoperties 
Statisties [5] Highlight Base 
and select Gray 
Cast Iron. # 


i) 


[2] The Details shows that the 
contact is established between 
the housing and the flange. The 
auto-detection works well. We 
don't need to change them. | 


Details of “Contact Region” 
=|| Scope 


Contact 6 Faces 
Contact Bodies } 
Contact Shell Face Program Coatolled 
2 


Definition 


Elastic Slip Tolerance 
Nowmel Stiffness 
Update Stfthess 
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a 
[4] Contact between the 
housing and the base, however, 

is not detected. This is : 
because Mechanical doesn't Contact 
detect edge-to-surface contact 
automatically. We need to 
manually establish contact 
between the housing and the 
base. From the toolbars, select 
Contact/Bonded. | 


8 & 
i 


Contact f 


= —u_2 


Details of “Honded - Housme To Base™ 


/ \ 
[5] Control-select 4 edges on 
the bottom of the housing as 

Contact. You may need to 


terete = use the edge filter. | 
Contact Bodies 


[Texget Bodies 
[Shell Thickness Effect 
[|| Defiaition 

Type Bonded [6] Select top face of the base as 


Scope Mode Moat =SsSsSs=~S Target. Use the face filter. | 


Tam Contact Program Contiolled N 
ke pt 
Suppressed No 
(=| Advanced 
Forrmulation Program Controlled 


Do contacts always introduce nonlinearity? 
[7] It depends on the type of contacts. In this case, the 


Penetration Tolerance | Program Contlled 
Elestic Slip Tolerance | Program Contolled 


Normel Stiffness Program Contolled 

Update Stifikess | Progzam Controlled Bonded contacts do not introduce any nonlinearities. For 

a | eee details, see 13.1.8, page 476. # 
gee 


6.3.11 Generate Mesh 


~ | Display 
\ Display Style Use Geometry Setting 
- =| Defaults 
[1] The default Settings Physics Preference Mechanical 


Element Order 


generate about |6000 nodes. 
We'll use this mesh. # Element Size 


Program Controlled 
Default (16.83 mm) 


=| Sizing 
Use Adaptive Sizing No 
Use Uniform Size Function For Sheets | No 
Growth Rate Default (1.2) 
Max Size Default (16.83 mm) 
JN /% Mesh Defeaturing Yes 


SIV 
> SAINTS 
ip 
Vay \ XT 


‘Default (8.4149e-002 mm) 
Capture Curvature Yes 


Defeature Size 


Vay, CV, > 7™ 4 Re Curvature Min Size ‘Default (0.1683 mm) 
Vass LAT x Curvature Normal Angle Default (30.0°) 
17 Capture Proximity No 
Bounding Box Diagonal 689.37 mm 
Average Surface Area 18127 mm? 
Minimum Edge Length 15.0 mm 
+ Quality 
+ Inflation 
+) Batch Connections 
+| Advanced 
=| Statistics 
Nodes 16304 
Elements 8586 
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6.3.12 Specify Support 


Support Conditions 


[2] In this case,a Compression Only Support 
or a Frictionless Support would be more 
realistic than a Fixed Support. However, the 
results will be the same for these three support 
conditions. Since the external forces sum up to 


A: Static Structural 
Fixed Support 
Tune: 1. s 


ia Fixed Support 


zero, the support reaction is zero. Fixed 
Support in this case has an advantage: it doesn't 
introduce nonlinearities or the need for weak 
springs (3.1.8[7], page 116). Compression Only 
Support would introduce nonlinearities, and 
Frictionless Support would introduce the need 
for weak springs. # 


[|] Specify Fixed 
Support for this face. — 


— 
[4] Apply a bearing load 


6.3. | 3 Apply Bearing Loads like this on the internal 


cylindrical surface of 
bearing B. \, 


@ Force 
x @, Moment 


Loads 
: @. Pressure 


Details of "Bearing Load A” 


E]| Scope 
Scoping Method 
Geomety 1 Face * 

| Definition \ | 


Te 
Define By (Components 
Cooudinate System | Globel Cooudinate System A 


Compments —_O 


Coordinate System | Global Cooudinate System 


Beningiood 
ao 
ex 


XConpount [I00N _Q_\ en 
Y Component som _O pees Ss xd 
- —(i‘“‘(‘(‘(‘ia HH 


Suppuessed No 


[Bl Bearing Loed A: 34000 N 


[) Bearing Load B: 30594 N 
Components: 16000, 30000, 0. N 


Components: 6000., 30000, 0. N 
[2] Apply a bearing load 
like this on the internal 
cylindrical surface of 

bearing A. > 


— 
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Lietails of "Bearmg Load ©” 


7 Details of “Bearmg Load D™ _ 
=] Sor eS 
Scoping Mati [Georety Seen ; 
Georety | Fae [6] Apply a bearing [8] Apply a bearing 
i| Definition load like this on the load like this on 
he __‘|Beeing Lod internal cylindrical the internal 
Define By __[Compaens © surface of bearing C. cylindrical surface 
Coorinate Syren [Gel oneal Sym | ([7] is on the last of bearing D. | 
 Xomaent [NO page.) 
YCongenet [3000N_O 
Summed [Re Supeed [o 
eo a. 
(Ill) Bearing Load C: 30150 N [BB) Besring Load D: 39051 N 
Components: 3000., -30000, 0. N Components: -25000, -30000, 0. N 


fe] Ata Geometry 
x 84 Housing 
x &@ Flange 
x & Base 
ya Coordinate Systems 
J Connections 
ta) J@) Contacts 
™ , 
v Oe Contact Region 
y &, Bonded - Housing To Base 
JED Mesh 
=}-v{] Static Structural (A5) 
AN Analysis Settings 
{ey Fixed Support — 


JW, Bearing Load A [9] Change the 
J, Bearing Load B names for better 
/%,, Bearing Load C | readability. # 


& Bearing Load D | 


-)- | Solution (A6) 
Solution Information 
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6.3.14 Apply Axial Loads -——___——-+ 


[4] Apply a force on the 
internal cylindrical surface 
of bearing D. / 


/ 


[!, 3] Select Force. 
ead 


[2] Apply a force on the 
internal cylindrical 
surface of bearingA. <— 


Details of "Axial Load at D” 


® Force Details of "Axial Load at A~ 
® @ Moment a 
Loads pressure eng Bl [GroniySelot 
, cemty |e 
z 
-_ — ti 
| [I Axial Load at D: 16000 N 
B Ascal Load at A: 16000 N Components: 0., 0., -16000 N 
Components: 0.,0., 16000 N 
Project 
=| |gl Model (A4) 
te Geometry 
x & Housing 
x & Flange 
x & Base 


yates Coordinate Systems 
=|) Connections 
} JG Contacts 
vb Contact Region 
y &, Bonded - Housing To Base 
mca) Mesh 
=) g{&) Static Structural (A5) 
Wa Analysis Settings 
Je Fixed Support 


/@,, Bearing Load A [5] Change 2g 
J, Bearing Load B names for better 
~ rink Loadc readability. | Solve 


4 #] Solution Information [7] Solve the 
@B Total Deformation 
J&B Equivalent Stress 


model. # 
Xi. aS 


[6] Insert two 
results objects. > 


ee: 
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6.3.15 View the Results [1] The gap here is not realistic. This is 


due to the exaggeration of the 
deformation. Remember that each part 
is treated independently. 
Displacements at boundary of two 
parts may have small numerical errors, 
which become a gap when enlarged. / 


A: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 1 


0.73794 Max 
0.65594 
0.57395 
0.49196 
0.40997 
0.32797 
0.24598 
0.16399 
0.081993 

0 Min 


[2] The maximum 
deformation is 0.74 
mm. \, 


[4] The engineer should use the 
stresses that are not singular 


for design purposes. / [Probe 


i=) Maximum | 
> Minimum 


A: Static Structural 
Equivalent Stress 
Type: Equivalent (von-Mises) Stress - Top/Bottom 
Unit: MPa 
Time: 1 


181.86 Max 
161.66 | 20 


141.45 
121.25 
101.04 
80.832 
60.626 
40.419 
20.213 
0.0060908 Min 


a 


[3] The maximum stress is 182 MPa, 
Wrap Up occurring at a sharp corner. It is not 
realistic either. It is a singular stress 
(PART E, Section 3.5, pages 166-169). 7 
\ # 


[5] Save the project and exit Workbench. # 
X\ 


Reference 


|. Zahavi, E., The Finite Element Method in Machine Design, Prentice-Hall, 1992; Chapter 10. Gear Box. 
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Section 6.4 


Review 


6.4.1 Keywords 
Choose a letter for each keyword, from the list of descriptions 


|. ( ) Auto-Detection of Contact 
2. ( _ ) Shell Elements 
3. ( __) Top/Bottom of Surface Body 


Answers: 
L(C) 2(A) 3. (B) 


List of Descriptions 


(A) Aplanar (2D) element that can be arranged in the 3D space. It is used to mesh a body when one of its 

dimensions is much smaller than the other two dimensions. Each node has 6 degrees of freedom: 3 translational and 3 
rotational. Due to the presence of rotational degrees of freedom, it is very efficient to model the problems dominated 
by the out-of-plane bending modes, contrasting to a solid element, which does not have rotational degrees of freedom. 


(B ) Each surface body has a top side and a bottom side. When you select a surface body, only the top side is 
highlighted. Loads are applied on the top side. By default, results are reported on both sides. 


(C ) When a geometry attaches to Mechanical, it automatically detects and establishes possible contacts between 
parts, wherever the gaps between parts are less than a tolerance. The contact type is Bonded by default. 


6.4.2 Questions 


Surface Body versus Thin Solid Body 


Q: In 6.3.3[5] (page 257), we type a zero value for the thickness to create a surface body. If we provide a nonzero value, 
it would create a "thin" solid body instead of a surface body. What is an essential difference between a surface body and 
a thin solid body? 

A: A surface body will be meshed with shell elements (1.3.3[10-11], page 38), while a thin solid body will be meshed with 
solid elements (1.3.3[2-5], page 38). 
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Shell Elements versus Solid Elements 


Q: What is the essential difference between shell elements and solid elements? 
A: The shell elements have rotational degrees of freedom (1.3.3[10-11], page 38), while solid elements do not (1.3.3[2-5], 
page 38). 


Triangular Plate 


Q: Can we perform a simulation with a 3D surface model for the triangular plate in Section 3.1? If positive, are there 
any advantages of doing that over the 2D solid model? 

A: Yes, we could, but there is no advantage over the 2D solid model. Remember that 3D surface bodies are meshed with 
shell elements. The essential difference between shell elements and 2D solid elements is that shell elements can have 
out-of-plane deformation (warpage) while 2D solid elements cannot. In the case of triangular plate, there is no out-of- 
plane deformation. There is no need to use shell elements. The above discussions also apply on the spur gear of Section 
3.4 and the filleted bar of Section 3.5. 


Axisymmetric Bodies 


In the beginning and the end of Section 6.1, we mentioned that we could model the bellows using axisymmetric 2D solid 
body or 2D line body. Make sure that you do understand the meaning of the statement. 
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Chapter 7 


Line Models 


Many real-world objects can be modeled as line bodies. When a body has small lateral dimensions and has a uniform 
cross-section, it is often modeled as a line body. The most obvious applications of line models are frame, beam, and truss 
structures. Workbench meshes a line body with beam elements (1.3.3[13], page 39). Advantages of using line models 
over surface models or solid models include: (a) creating line models is usually easier, (b) the problem size is much 
smaller, and (c) the solution can be more accurate. Therefore, engineers should consider using line models instead of 
surface or solid models whenever possible. Workbench stores many built-in cross sections in the database to be chosen 
from by the users. Workbench allows the rendering of cross-sections when displaying the model, so that the line bodies 
visually look like solid bodies. 


Purpose of This Chapter 


The main purpose of this chapter is to introduce the use of beam elements (1.3.3[13], page 39). This chapter guides the 
students to create line models and perform simulations using these models. The chapter provides three examples; two of 
them are entirely line models, while the other one is a model mixed up with line bodies and surface bodies. 


About Each Section 


Section 7.| creates a flexible gripper model and performs a simulation using the model. Section 7.2 demonstrates the 
creation of a truss structure and the simulation. Section 7.3 uses a two-story building as an example to demonstrate the 
creation of a building structure and the simulation. Another purpose of Section 7.3 is to demonstrate how surface 
bodies and line bodies can be mixed up in a simulation model. 
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Section 7.1 


Flexible Gripper!Ret "J 


7.1.1 About the Flexible Gripper 


[1] The gripper [2-5] is made of a POM 
(polyoxymethylene, a plastic polymer), which has a 
Young's modulus of 2 GPa and a Poisson's ratio of 
0.35. It has a rectangular cross section of Ix5 mm?. 

A concern in designing this gripper is its 
geometric advantage (GA). The GA is defined as the 
ratio of the horizontal output displacement [5] to 
the input actuation [4]. The GA value is used to 
assess the efficiency of the gripper; the larger the 
better. The main purpose of this simulation is to 
assess the GA value of the current design as shown 
in the figure [6]. Note that only half of the gripper is 
modeled due to the symmetry. 

The profile consists of two smooth spline curves 
defined by 7 key points, whose numbering and 
coordinates are shown in the figure [6-7]. 

The problem could be solved with a 2D 
simulation. With 2D simulations, however, the 
current version of Mechanical supports only solid 
models (it doesn't support 2D surface model or line 
model). Compared with a 3D line model, a 2D solid 
model is not efficient (in terms of accuracy and 
computing time.) We decide to go for a 3D line 
model although the geometry and the motion are 
entirely on a plane. 

We will create a line model in the first part of 
this section. The model will be used in the second 
part of this section to simulate the motion of 
gripping and to assess the GA value. The model will 
be used again in Section 8.1 to demonstrate an 
optimization capability of Workbench, in which we 
want to relocate the positions of the key points to 
achieve an optimum GA value. 7 


A: Static Structural 

X Axis - Directional Deformation 
Type: Directional Deformation(® Axis) 
Unit: mm 

Global Coordinate System 

Tone: 1. 


52.016 Max 
46 236 
40.457 
34077 
28.898 
23.118 
17.339 
11.559 
5.7795 
O Min 


[5] Gripping 
direction 
(output). / 


[2] The 
gripper. | 


[3] The ends are 
fixed to a rigid 
ground. \, 


[4] 
Actuation 
direction 


(input). 7 


[6] The 


current P4(—35,160) 
design. | 
P3(-69,1 20) 
P5(—34,100) 


P6(-24, 60) 


P7(0,50) 
P2(-90, 40) 


[7] Origin of 
coordinates. # 


@Seismicisolation 


Section 7.1 Flexible Gripper 273 


PART A. GEOMETRIC MODELING 


7.1.2 Start Up 


& Gripper - Workbench = O x 
cols «6s Units—=—s«éExtensions Jobs Heb 
Project 
IDee bore ect |?) Refresh Project # Update Project | $H ACT Start Page 
Zi nn OOtCS~S~S x | 


El Analysis Systems 
a Design Assessment 
Eigenvalue Buckling 4 
Electric 

Explicit Dynamics 
B Fluid Flow (CFx) 
& Fluid Flow (Fluent) 
EQ Harmonic Acoustics 


[a 77 Static Structural 


[1] Launch 


Workbench and save [3] Start up 


DesignModeler. # 


the project as @ Harmonic Response ? : x 
fl £3 IC Engine (Fluent) — 
\ Gripper. \ J 24 IC Engine (Forte) oe sm =i 
SSS SSS 69 magnetostatic 7 @ Resuts La 
@ Modal 


Static Structural 
(9 Modal Acoustics 


(i) Random Vibration 
a Response Spectrum 
ee Rigid Dynamics 

ki) Static Acoustics 
Gd Stabe Structural Ce 
E9 Steady-State Thermal 
@) Thermal-Electric 

Ed Topology Optimization 
Transient Structural 
@® Transient Thermal 

&} Turbomachinery Fluid Flow 
Hl Component Systems 


[2] Create a Static 
Structural system. 7 
A 


& Custom Systems 
& Design Exploration 


& ACT 
Y View All / Customize... 
w Double-click component to edit. IE® 0b Monitor... =<)Show Progress .°) Show 0 Messages 


Le 


7.1.3 Create Sketch on XY¥YPlane a 


|” Spline Flexible Iv 


= a [3] Draw another spline 


connecting P4-P7. End the 
spline with right-click-selecting 


[2] Draw a spline (using the 
Open End. # 


Spline tool) connecting P| -P4. P3 
End the spline with right-click- | 
selecting Open End. — 


b P2 
| * Construction Pomt i 


[1] Select Millimeter as the length unit. On 
XY Plane, draw 7 points, using the Construction 
Point tool. Specify their positions. Tf 
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7.1.4 Create Line Body 


e(A)ele 69 


Concept Tools Units View | 


“so Lines From Points 

Fa) Lines From Sketches © 
$F Lines From Ee 
\A, 3D Curve 


We Veale Ts an 
‘™ SDT 10 ge 


3) Surfaces From Sketches 
me Surfaces From Fares 


Sh 


[1] Pull-down-select 
Concept/Lines 
From Sketches. | 


ee 


[3] Turn off plane 
display. “ 


Ie Dintack 
mim OY et 


Cross Section > 


[2] Select Sketch] in 
the model tree and 
click Apply. Click 

Generate. /” 


View Help 
 SRged BSueanl Races [5] Rotate to an isometric view. A local coordinate system 
tela Bice tiat attaches to each spline, its Z-axis (blue) tangent to the curve 
oe and its Y-axis (green) pointing out of the plane of the curve. 
hare We need to be aware of these local coordinate systems 
Graphics Options > 


because, in the next subsection, we want to define a cross 
section for the line body, and its coordinate system aligns with 
these local coordinate systems. | 


my — re 


v Frozen Body Transparency 
Ed ge Joimts 


Wan Cross Section Aliynments ©@ 


Display Edge Durection 
Display Yertices 
Cross Section Solids ral 
— 
Ruler ‘ 
[4] Make sure View/Cross 
¥ Triad ; : ; 
Section Alignments is 
Outline turned on. 7 
Windows —— 
a=“ 


[6] Turn off View/Cross 
Section Alignments [4]; it 

looks like this. Turn it on again. # 

Xs 
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7.1.5 Create a Rectangular Cross Section 


a 


[2] Type | (mm) for B 
and 5 (mm) for H. | 


Zt 


0.4166? rnnm4 
(0 


[3] A rectangular cross section Rectl is created. Note Li 
that its local Y-axis (green) is in the longer direction; 
that is exactly what we intend (see 7.1.4[5], last page). 
You don't need to click Generate when creating a 
cross section. # 


7.1.6 Assign the Cross Section to the Line Body 


=|) |) A: Static Structural Yew! Help 
=| of. KYPlane o—_* | 
vcd) Sketch! v Shaded Extenor and Edges 
ywte ZEPlane [1] Select Line Shaded Exterior 
vty YZPlane Body. | Wireframe 
Hye) LineL y Graphics Options > 
=} gM 1 Cross Section 
v Rect! ¥ Frozen Body Transparency 
= MB 1 Part, 1 Body Fadge Joints 
y ™~ Line Body ; ; 
¥ Cross Section Alignments 
a Display Edge Direction 
Sketching Modeling | / *, Display ¥ertices 
letails ¥ te Cross Section Solids 
a [2] Select the sa 
newly created Blade Ruling Lines 
cross section. | =n | 


e v Triad 
Outline > 
[3] To display the cross 


section, turn on View/ 
Cross Section Solids. { 


Ny 
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Concept Tools Units View - 


“So Lines From Points 
3) Lines From Sketches 
[F) Lines From Edges 


> Surfaces From Edges 
3 Surfaces From Sketches 


Cross Section 
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nn 
[1] Pull-down-select 
Concept/Cross 
Section/ 
Rectangular. — 
% ee 


/ 


Mb Rectangular @ 
| @ Circular 
) Circular Tube 
fS Channel Section 
gc I Section 
IL Z Section 
fL., L Section 
Jt T Section 
Jl, Hat Section 
ff] Rectangular Tube 
3) User Integrated 
of) User Defined 


[4] The rectangular shape of 
the cross section is now 
visualized. Note that this is 


for visual effect only. This is a 
line body, not a solid body. | | 


“ Pe x 
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Adjusting Cross Section Alignments 


[5] When creating line models, make sure the cross section alignments are correct. In our case, the default alignments 


are what we want, so we don't need to make any adjustment. In other cases, if adjustment of cross section alignments 
is needed, you can turn on the edge selection filter, select the edges of the line bodies, and type the rotation angle [6]. 
We will demonstrate the procedure in 7.3.9, page 300. | 


File Create Concept Tools Units View Help 
ie] Refresh Input 


Details ¥irew / | Start Over (Ctr+ N) 
ae Load DesignModeler Database... (Ctrl+ 0) 
Alignrnent Mode Selection inl Save Project (Ctr+ $) 
Cas Seton Alen | Nora Wee. 
: ig) Attach to Active CAD Geometry 
igimet'Y ——[O | $ 
[6] Cross section | Import Extemal Geometry File... 


a a (rr } 
a csmaar ie —____] >) adjusted by rotath p Licences 
Reverse Onentation? a juste y rotating ney 
Write Script: Sketch f Active Plane 
Frame Alignrnent Autometic Frenet Senet) an angle. _— % . oe (es) of Ac 
[7] Close 


DesignModeler. # 


cp) Auto-save Now 
Restore Auto-save File 


Close DesignModeler 


PART B. SIMULATION 


7.1.7 Prepare Material Properties 
[1] Double-click 


Engineering Data. 


VA 


( [3] Double-click to > 


5] Return to Project : 3 Geometry / 
L DI] Schainatic i include Isotropic rn ; : = 7 a 
Elasticity. \, mae “4 
J 5 @ Setup ? , 
* EF] lal Al] | ‘EngineeringData X 6 Wa Solution © a 
| Y Filter Engineering Data“ ering Data Sources 7 y Results a 
Toolbox | ~ Q Outline of Schematic A2: Engineering Data Static Structural ? 


f 


Physical Properties 

iS Linear Elastic 
G2 Isotropic Elasticty 
Z| Orthotropic Elasticty 
{A Anisotropic Elastiaty 


Hyperelastic Experimental Data | 1 I. 
j 4 e ‘> 
s saasaeel aa Pa [9 Brom 


an ee 
Chaboche Test Data 


%® Structural Steel | | 


[4] Type 2e9 (Pa) for 
Young’s Modulus and 0.35 


for Poisson's Ratio. — 


ae 


| Plasticity | s of Outline | ow 4: § ee 
il , | || | ~ 3/'/ ; c | = | - 
[2] Type POMtoadda | | | za Property | Wi a Unit fa th | 
new material to 2 [eB © isotropic Htastaty | — — 
engincenl es I Thay, an __ Derive from | Young's Mogdlus and Poisson's Ratio >| : 
* | 4 Young's Modulus 2E +09 | Pa i] 
i Viscoelastic oe | “Poisson's Ratio ", rs = = 
| | 2.2222E 409 Pa | imi 


Shape Memory Alloy 6 | Bulk Modulus | | 
| Damage | a, Shear Modulus 7.4074E +08 | Pa | | 
Te tié 
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7.1.8 Start Up Mechanical and Assign Material 


_————S 
2 @ EngineeringData YW , 
3 Gi) Geometry oS 4 
4[@ Mod QB 
5 t) Setup " 
6 Wa Solution 
7 yp Results 


Static Structural 


N 


[1] Start up 
Mechanical. Make 
sure the unit system 
is mm-kg-N-s. 7 
Ky ___ 


7.1.9 Generate Mesh 


[1] Highlight Mesh in the 
project tree and click 
Generate. /” 


6 


Generate 


| 


7.1.10 Specify Fixed Supports 


fr 


[1] Highlight Static Structural 
in the project tree and insert a 
Fixed Support. — 


% ——— 


QB @ Fixed O 
TNE & Frictioniess 


— 
@ Displacement 


Structural 


S-" ww 


i! Project 
@I Model (A4) 
aoa [2] Highlight 
ei cromtes Line Body. | 
on rer 


=) -9[2) Static Structural (AS) 


"3 


f* Analysis Settings 


= mee oS (A6) _ aa: 
Phe ¥] Solution Informaton 
[3] Select POM. # 
Details of “Line Body” a 
@ 'Graphics Properties 
=) Definition 
Suppressed 
Stiffness Behavior Flexible 
dinate em Defaul dinate 
Reference Temperature | By Environment 
ross Sectior Rect? 
€ de Refresh on Update 
— — [2] Turn on Display/ 
Thick Shells and 


Beams. / 


+) Bounding Box 
+) Properties 
+ Statistics 


a _| 


[3] The default mesh 
settings generate 34 
beam elements and 69 
nodes. A convergence 
study (see 7.1.16, page 
282) shows that, for GA 
assessment, the mesh is 
acceptable. # 


= 
Scoping Method | Geometry = 


Geometry = [1 Vertex OQ Vertex 


[3] And click 
Apply. # 


[2] Select this vertex. You may need to turn 
on the vertex selection filter. The Fixed 
Support prevents translations as well as 

rotations in all three directions. 7 
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7.1.11 Specify Symmetry Condition and the Actuation 


[3] And click 
Apply. | 


\_ 


QB @ Fixed 


. Details of "Fixed Rotation” - 
— Se | 
— Scoping Method | Geometry Selb 
Pons Displacement ao Son 
structural cron 


| 


“3 . 
[I] Select | Rotation ¥ | Fixed 
abe cate 
Rotation. — Seca! No 
\ is 
[4] Set Rotation X free and leave the 
[2, 6] Select this rotations in Y- and Z-direction fixed. / 
vertex. 7 | N 
ee ee 
es if % 
@ Fixed [7] And click [8] Type 0 to fix the 
TESS  & Frictioniess Apply. — displacement in X- 
Supports SD Uhiedemee | direction. This 
. Details of "DisplAGSama Tt condition together 
else || with tose in [8 
| [Scoping Method [Geometry Selfetin ensure the symmetry 
ee 
| Definition (see [10]). | 
Ses me ‘(iene -————= 
Displacement. 7 Define By | Component ig 
—_______ 
[9] Apply 50 mm 
displacement 
downward. | 


Suppressed No 


LL _—_™- —l 


Symmetry Conditions for Shell and Beam Elements 


[10] The purpose of the steps [1-8] is to set up a symmetry condition about YZPlane, while step [9] is to set up a 
downward actuation. 
Beam elements, like shell elements, have rotational degrees of freedom (1.3.3[13], page 39). The rule of symmetry 


conditions for shell and beam elements is this: fixing (zero values) the out-of-plane translations and the in- 
plane rotations. 


Consider the boundary conditions at the vertex shown in [2]. In this case, ¥Y¥ZPlane is the plane of symmetry, X- 
displacement is the out-of-plane translation [8], Y-rotation and Z-rotation are the in-plane rotations [4]. 

With surface models, you may set up symmetry conditions using the Symmetry tool (3.1.11 [7], page 119). Even 
so, make sure you know Workbench sets up symmetry conditions by fixing the out-of-plane translations and the in- 
plane rotations. As a good engineer, use software only when you know how it works. 

The Symmetry tool (3.1.1 1 [7], page 119) is not applicable for a line model. # 
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7.1.12 Set Up Analysis Settings 


=| A Geometry 
x s Line Body 


+ » Coordinate Systems 
JAD Mesh , 
=| -E] Static Structural (A5) [1] Highlight Analysis 
VL.) Analysis Settings S t ti 
Jn Fixed Support e Ings. | 
J%, Fixed Rotation rs 
JB, Displacement 
=|) Solution (A6) 
v4) Solution Information 


Details of “Analysis Settings” 


[=]| Step Comtrols 
Numbex Of Steps i. 
Cunent ld Numbex | 1. [2] Turn off Auto 
joes - Time Stepping and 
Define By Substepe type 10 for Number 
(Number OfSubsteps [10°22 OO Of Substeps. | 

[=]| Solve Coatrols 
Solver Type Program Contiolled 
Week Spungs Off 
Solver Pivot Checlang | Program Contolled l 3] Tarn on Large 

Deflection On 

are Of © Deflection. — 

Restart Coatools 

Noalinear Coatrols 

Onutpet Coatrols 

Analysis Data Management 

Visibility 

R=" 
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Why Large Deflection? 


[4] Turning on large deflection is to include 
geometry nonlinearity, which always gives more 
accurate solutions but takes more computing 
time. To justify the inclusion of geometry 
nonlinearity, at the end of this section, turn off 
Large Deflection and rerun this case. A 
substantial difference in the results is an 
indication that the inclusion of geometry 
nonlinearity is necessary. 


Auto Time Stepping 


This model is simple enough that we actually 
don't need to change any default settings other 
than just turning on Large Deflection. The 
solution would be complete in just 3 substeps, 
with auto time stepping controlled by the 
program. 

The reason we turn off Auto Time 
Stepping and specify 10 substeps is because 
we want to gather more data for plotting an 
input-displacement-versus-output-displacement 
chart (see 7.1.15[7], page 281). # 


7.1.13 Set Up Solution Branch and Solve the Model 


_#) Solution Information 
™ Total Deformation 
= 8) Beam Tool 

® Direct Stress 

@B Minimum Combined Stress 
@B Maximum Combined Stress 
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[4] The Solution 25 
branch looks like this. > 


~y 


ie 


a) Project a Toolbox 
=| |g] Model (A4) Deformation 
=| ARB Geometry . 
x ™, Line Body 
#)y2% Coordinate Systems 
JB Mesh fr oF aX, 
lie ak ine [1] Highlight | / [3] Select 
ysi . 
ee Sanie Solution. — - i sa , Toolbox/Beam 
/% Fixed Rotation - ad a Tool. / 
Ad, Displacement X ; 
=) yal 


[5] Click 
Solve. # 
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7.1.14 View Results 


Warninc| Large deformation effects are active which may have invalidated some of your applied s: 


“% 
[1] Ignore the warning 


message. / 


- — S—@———— 
Context A: Static Structural - Mechanical [ANSYS Academic Teaching Introductory] =- Oo x 
Rie onte 
| File | Home Result Display Selection Automation AB oOo 
¥ 4 ma [E; Commands @)images~ 1.0 (True Scale) & fb Probe — = E 
lL = |") Cicomment ([JhSection Plane Scop f= Maximum 
Duplicate Sotve Ana a idges Vector Capped = Views 
ar Q d er ' ‘in Chart fb Annotation ¥ . : = Minimum Display ~ eels ace? 
Outline Sones Insert [3] The maximum 
7 | ? oa . -* —— = ad 
Outline ~#O0x QQ |@\¥ & |S} total displacement | THB RBSB SP GE clipboard- . 
Name ’ Me c 
sae A: Static Structural is 77.153 mm. | 


Tote! Deformation 


Type Total Deformation 
Unit: mm a 
Time: 1 


77.153 Max 


[ay 


[2] Highlight Total 


& 60.008 
wv a 
= /es| Deformation. / 51.436 
, 42.963 
wf P 34.29 
v™®, Fixed Rotation 25.718 
JB Osplacement 17.145 
3 Solution (A6) | 85726 
63 Soluton Information 0 Min 


/@ Total Deformation 
= vis Beam Toot 
SB Drect Stress 
J® Mmm Combined Stress 
7 Maximum Combined Stress 


[5] Set Result to 


[4] Click Result 
Sets. / 


Details of "To 
=| Scope True Scale and click 

| Play. Click again to (>i eal) 2 Sec (Auto) 
= Definition | Pause the animation. > 

Type \ = 

By Time E 


| [7] A graph of maximum- 
response-versus-time is 


produce the graph as 
shown in [8-9]. \, 


Oo 
fo) 


A 
fe) 


NJ 
C/o} 


~%0*x 
- 


Total Displacement (mm) 


0 5 10 IS8 20 25 30 35 40 45 


Input Displacement (mm) 
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Tabular Data 
| Time (s} |[v Minimum [men] |[v wd 


[6] Numerical data for each 
substep are available. You could 
copy/paste to your spread 
sheet for further processing. / 


aA 


= | | co [a] or ju] & jo [po | 
i i | i 


eeecsegg909092900 


“4 


[9] The total-displacement- 
versus-input-displacement curve 
is almost a straight line. # 


[8] The maximum input 
displacement (50 mm) is divided 
into 10 substeps; therefore, each 

substep is 5 mm of input 
displacement. f 
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7.1.15 Assess GA Value 


E «& Solution (A6) 
wt Solution Information 


\ @ Total Deformation 
, P ‘ ¥ 
a [|] With Solution in the BX Axis - Direct 
a project tree highlighted, select =| {3} Beam Tool 
i Deformation/ /® Direct Stress 
. Directional. | y® Minimum Combined Stress 
————=g pg 8B Maximum Combined Stress 
% 
[3] Right-click Directional 
[2] You don't need to Deformation and rename it like this. | 
make any change in the X F 


Details of “Directional Deformation” details. We want to see 


displacements in X 


rere 
; F < [4] Solve. | | 
Solve 
-~ 


[5] The maximum horizontal 


displacement is 52.016 mm. | 


X Axis - Directional Deformation 
Type: Directional Deformation(% Axis) 
Unit: mm 

Global Coordinate System 

Time: 1. 


52.016 Max 


40.457 
34.677 
28.898 
23.118 
17.339 
11.559 
5.7795 
0 Min 


A: Static Structural | 


[7] The Graph window shows a 
horizontal-displacement-versus- 
input-displacement plot. # 


Horizontal-Displacement-versus- 
Input-Displacement Plot 


[6] A horizontal-displacement-versus-input- 


Horizontal Displacement (mm) 
Ww 
ras) 


displacement curve is shown as [7]. The curve 
is nearly but not a straight line. The GA value 


5 10 15 20 25 30 35 40 45 50 in this case is about |.04 (52/50). \ 


Input Displacement (mm) 
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7.1.16 Convergence Study of Beam Elements 


[1] A convergence study of the gripper model is summarized in the table/figure below [2-3]. The table/figure shows 
that the displacement converges to 52.035 mm [2]. In the foregoing simulation, we meshed with 34 elements using the 
default settings and obtained a displacement of 52.016 mm [3]. That is accurate enough for GA assessment, but may 
not be adequate for other purposes (e.g., stress assessment). 

Generally, models meshed with beam elements or shell elements converge very fast. The meshing consideration is 
mostly geometric. In our case, since it is a curved structure, the major consideration is to mesh the structure so that 
the geometry of the meshed finite element model doesn't deviate from the original geometry too much. 

For a structure composed by straight beams, we can obtain a solution equal to theoretical values by meshing each 
straight beam with a single element! This will be demonstrated in Section 7.2. | 


Element | Number Output 
Size (mm) of Displacement 
Elements 


[2] The displacement 
converges to 52.035 mm. | 


| [3] In the foregoing simulation, 
we meshed with 34 elements, 
| resulting in a displacement of 
52.016 mm. | 


Output Displacement (mm) 


52.035 


neers Number of Elements 


= Display 
Display Style Use Geometry Setting 
-| Defaults 
Physics Preference Mechanical [EN 
Element Order Program Controlled | [4] At the end of this study, Details of 
Element Size 05mm O——— Mesh looks like this. We will use this mesh 
+) Sizing for another exercise in Section 8.1. | 
+) Quality x 
+) Inflation 
+) Advanced ————_—_—_—_—_—_—_—_—_—_——_————— aaa 
-|| Statistics Wrap Up 
Nodes 1249 
Elements 624 [5] Save the project and exit Workbench. # 


\ $$$ 


Reference 


|. Chao-Chieh Lan and Yung-Jen Cheng, 2008, "Distributed Shape 
Optimization of Compliant Mechanisms Using Intrinsic 
Functions," ASME Journal of Mechanical Design, Vol. 130, 072304. 
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A: Static Structural 


Axial Force 
oF Type: Directional Axial Force (Unaveraged)(X Avas) 

Unit Ibf 

Solution Coondinsle System 

Time: 1 
8203.4 Mex 

5536.1 

2868.9 


3D Truss on 


7.2.1 About the 3D Truss 


[1] Traditionally, a truss is defined as a structure consisting of two-force members; i.e., the members are pin-jointed at 
ends and the loads are applied on the joints so that the members are either stretched or compressed but not bent. 
Two members connected by a pin-joint can rotate about the joint independently. In the real world, structural members 
are rarely connected by pin-joints. Modern structures are constructed using either welds or multiple bolt-and-nuts; i.e., 
the members are rigid jointed, not pin-jointed. Even in the old days, pin-jointed structures were not common. The 
main reason for pin-joint assumption was to ease the computational difficulty, in the days when computers were not 
widespread. Note that, due to the neglect of joint rigidity, pin-joint assumption leads to a conservative design: safer, but 
over-designed. 

How much is the error caused by the pin-joint assumption? This is a good exercise problem for engineering 
students (7.4.2, page 310). The amount of error depends on the slenderness of the structural member. If the members 
are slender enough, there are no essential errors caused by the pin-joint assumption. On the other hand, if the 
members are not slender enough, then the pin-joints assumption may induce substantial errors. 

The beam element BEAM 1 88lFef !] (| .3.3[12-13], page 39) is the only element supported in Workbench for line 
bodies. The so called "truss elements" (such as LINK | 80!R¢f2I) are not supported in Workbench. To model a pin-jointed 
structure in Workbench, you need to either specify revolute joints between the members or utilize End Release 
feature (7.4.2, page 310). 

In this section, we will create a line model for a power transmission tower as shown below. All members are made 
of structural steel angle of |> x1I_ x 7 cross section. Note that we've assigned a number for each joint (P1-P10) and each 


member (1-25). The design loads are also tabulated below. # 
75 " 
aan PI 


Design Loads 


-10,000 | -10,000 
-10,000 | -10,000 


100" 


100" 
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PART A. GEOMETRIC MODELING 


7.2.2 Start Up 


&@ Truss - Workbench 


Fie Too Units 
id 


E Analysis Systems 
Design Assessment 
Eigenvalue Buckling 
Electric 

Explicit Dynamics 
©& Fluid Flow (CFX) 
Fluid Flow (Fluent) 
9 Harmonic Acoustics 
Harmonic Response 
£3 IC Engine (Fluent) 
£3 IC Engine (Forte) 
Magnetostaic 

wa Modal 

EJ Modal Acoustics 
(3 Random Vibration 
wo Response Spectrum 
e Rigid Dynamics 

“3 Static Acoustics 


[ 


[9 Steady-State Thermal 
Thermal-Electric 

63 Topology Optimization 
Transient Structural 

@* Transient Thermal 

¢:) Turbomachinery Fluid Flow 
® Component Systems 
Custom Systems 

Design Exploration 

ACT 


cae 


| ed Static Structural 7} —<— | 


|] Launch Workbench and 
save the project with the 
name Truss. | 


[3] Start up 
DesignModeler. # 


4 @ Mode! 7; 
5 @@ Setup v4 
6 jj Sokiton | ae 
7 @ Results ee 


Static Structural 


[2] Create a Static 
Structural system. 7 


x 


View All / Customize... | 


« Double-click component to edit. 


(=) Show Progress 8) Show 0 Messages 


PRS Job Monitor... 


‘al 


7.2.3 Create 10 Construction Points in 3D Space 


[1] Select Inch as the length 
unit. Turn on Display Plane 
and make sure Display Points 
is turned on. | 


%, 


| @ Point 


-—~ 


[2] Click Point on 
the toolbar. 7 


Details ¥iew 
=| Details of Point! 


[3] Select Manual 


Point |Pointl Input. | 
“Type Construction Point 
‘Definition “Manual Input O~ | 


=) Point Group 1 (RMB) 
FDG, X Coudinate |375 in 

7 FD9, ¥ Coondinate |Oin 
TFDI0, Z Coondinate | 200 in 


[4] Type coordinates 
like these. | 


\ 


[5] Click 
Generate. _l 
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Point | X Coordinate | Y Coordinate | Z Coordinate 
i? numbers are added by the 


[6] Repeat steps [2-5] author for your 

for additional 9 points convenience.) Note that 
(Points 2-10), their the view is rotated such 
coordinates shown that Z-axis directs 


here. > upward. | 


@ 
wi ww ¢ 
eo 


* 
We 


@.0 


Using Coordinates File to Define Points 


[8] An alternative way of defining points is to select From Coordinates File for Definition and read the 
coordinates from a file [9-10]. When the number of points is large, this is obviously a better way to input coordinates. 
A Coordinates file [10] is a text file describing the coordinates of points. The file has 5 columns, or fields: (a) 
group number, (b) ID number, (c) X-coordinate, (d) Y-coordinate, and (e) Z-coordinate. The group number and the ID 
number can be arbitrarily chosen and they together uniquely identify a point from others. 
The fields can be separated by spaces or TABs. You may prepare the text file using a text editor; another way is 
using a spread-sheet program such as Microsoft Excel and saving as a text file (e.g.,a CSV file). /“ 


[9] An alternative way of defining coordinates 
is to select From Coordinates File 
(default) for Definition and read the 

coordinates from a file. > 


[10] The format of a 
Coordinate File. # 


Details View a 
=| Details of Pointi1 | 


Soordinates Unit | Inch 


Base Plane KY Plane 


-—_ | a 
a Nor | 


erance 


Ov @nwowmFran =a 


1 
1 
1 
1 
1 
1 
1 
1 
1 
1 


at 


| 
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7.2.4 Create Line Body 


Member | Start Point | End Point 


UU | U 
| N 


aN 
v 
NO 


U0 | U 
NY | NM 


NO 


Vv 
SS 


NJ 
Vv 
ASS 


ae) 
A 
as) 
N 


™N 


u 
AN 
~~ 
™N 


NJ 
© 


N NI 
NJ 
U U 


NJ 
Uv 
aN 


25 


[2] Click Point I and control-click 
Point 2 to create a line segment 
(see the joint numbers in [7]). | 


a 


\ 


[3] Repeat step [2] for additional 24 
line segments (25 line segments in 

total). Each line segment is created 
by clicking the starting point and 

then control-clicking the ending 
point. If you make a mistake, you 
can remove a line segment by 

clicking its starting point and then 
control-clicking ending point again. 


"gman 


aoe 


Cross Section 


[1] Pull-down-select 
Concept/Lines 
From Points. <— 


Concept Tools Units | /¥1 


9) Lines From Sketches 


YA, 3B Curve 


Se, ; 


3) Surfaces From Sketches 


When creating or removing a line > 
segment, order of starting/ending 
points is not relevant. | | 
\ __ eel 
View Help 
¥ Shaded Exterior and Edges 
Sed Boe 
[-]| Details of Line1 Wireframe 
Graphs Option 
¥ Frozen Body Transparency 
Edge Joints 


[5] Click 
Generate. — 
X 


P9 
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Cross Section Alignments 
Display Edge Direction 
Display ¥ertices 

Cross Section Solids 


[6] Turn off View/ 
Cross Section 
Alignments for 

clarity. | 


[7] A line body of 25 
members is created. (The 
numbers are added by the 

author for your 
convenience.) # 


7.2.5 Create Cross Section 


Concept Tools Units View 


“eo Lines From Points 

5) Lines From Sketches 
Lines From Edges 

VA, 3D Curve 

“« Split Edges 

> Surfaces From Ed ges 
3 Surfaces From Sketches 
RY SUract Lace 


@ Rectangular 
@ Cuiculer 
© Circular Tube 
ff Channel Section 
ac | Section 
SL Z Section 
(MIL Section © 
al, T Section 

df, Hat Section 
[S] Rectangular Tube 
User Inte grated 
gi User Defined 


Cross Section 


7.2.6 Assign Cross Section to the Line Body : 25 


v®& Point? 
oe Pointl0 
ye Linel 
=|) @B) 1 Cross Section 
vib Ll 
=)-MBp 1 Part, 1 Body 
y ss Line Body O 


| [1] Select Line 
Body. | 


Sketching Modeling 


Tietails View 


[=}| Details of Line Body 


Fees 
Reriees IS 


Offset Type Centoid S 
Shased Topology Method | Edge Joants a 


Geometry Type DesignModelex 


section LI. — 


[2] Select the cross 
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——————— 


[2] Type dimensions 
for the steel angle. 
You don't have to 

click Generate. # 


Details View 


[1] Pull-down-select 
Concept/Cross 
Section/L Section. {| 


4 


[3] Although we created only 10 joints and 25 
members, the details view shows that there are 16 
vertices and 37 edges. An additional 6 vertices and 

|2 edges are created because 6 pairs of members 


cross over each other and are treated as if they 
are rigidly welded to each other at points of 
cross-over. We assume that this is the real 

situation and accept this default arrangement. | | 


xy / 
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View Help 

¥ Shaded Exterior and Edges 
Shaded Exterior ( 
Wireframe [4] Turn on View/Cross 
Graphics Options > Section Solids and make 


¥ Frozen Body Transparency 
Edge Joimts 
Cross Section Alignments © 
Display Edge Direction 
Display Vertices 


Wae ross Section solids 


View Help 
¥ Shaded Extertor and Edges 
shaded Exterior 
Wireframe 
Graphics Options > 


v Frozen Body Transparency zp 


Edge Joimts 
‘ae ross Section Alignments 
Display Edge Direction 
Display Yertices 
¥ Cross Section Solids 


Ruler 


Cross Section Alignments 


sure Cross Section 
Alignments is off. \, 


[5] Enlarge to view 
the details. 


x 


[6] Turn on View/ \ | 
Cross Section I \ \ 
Alignments. | ~ VW 


? 


[7] The default cross 
section alignments. Close 
DesignModeler. | 


\ 


[8] The default cross section alignments [7] are not entirely consistent with the real situation in this case. However, we 
decided to neglect the difference between the reality and the default alignments. Since the structural members are 
quite slender, the behaviors are essentially two-force members; therefore, alignments should not be critical. In other 


words, cross section alignments have little effect on the structural response in this case. We will demonstrate the 
adjustment of cross section alignments in 7.3.9 (page 300), in which the alignments must be adjusted, otherwise it 
would deviate from the reality too much. # 
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PART B. SIMULATION 


7.2.7 Start Up Mechanical 


EE 
1 >? Static Structural 


2 @ EngineeringData Y , 
3 Gi) Geometry 


[|] Double-click Model to 


: start up Mechanical. — 
5 we Setup ? . 
6 Ee Solution ? . 
7 yp Results Da 
Static Structural 
= —#§£  —r ey 


7.2.8 Generate Mesh 


fa] Project* 
= [gi] Model (A4) 


ye Cross Sections ee 
9 Coordinate Systems ( . 
J Mesh QO ighli : 
=|-9[=) Static Structural (AS) | LAL igatant Mesh | 
Wa Analysis Settings ee 
=]--7i@] Solution (A6) 
4] Solution Information 


i) (1+) 4] 


te 


=| Display ee. 
Display Style 

=|| Defaults 
Physics Preference Mechanical 


Use Geometry Setting 


[2] Type a large 
number (e.g., 999 in) 
for Element Size to 


Element Order Program Controlled 


Mi Element Size EEBRRR ensure that each 
#) Sizing member is meshed 
+) Quality with a single beam 
+|| Inflation element. Generate the 
+ Advanced mesh. | 
-|| Statistics 
\ 7 


Nodes 
Elements 


[3] A total of 37 beam elements (one element for 


each line segment) are generated. Note that each 
beam element has a mid-node, so there is a total of 
53 nodes (16 end-nodes + 37 mid-nodes). > 
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[2] Select the in-Ibm- 
Ibf-s unit system. # 
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Why mesh each member with a 


single element? 


[4] We mentioned (7.1.1 6[1], page 282) that 
we can obtain a solution equal to analytical 
values by meshing each straight beam with a 
single element. The reason we meshed each 
member with a single beam element here is 
to demonstrate this fact. 

The default settings of Mesh would 
mesh the model with 205 beam elements 
and would result in exactly the same 
solution as 37 elements. As an exercise 
(7.4.2, page 310), verify it yourself after the 
completion of this section. 


Use Surface/Line Models 


Whenever Suitable 


Since the solution of a model meshed with 
beam elements or shell elements converges 
very fast (i.e., very accurate solution can be 
obtained with only a few elements), we 
should consider a line model or surface 
model whenever suitable. This is 
particularly true for those problems 
requiring many iterations or substeps, such 
as nonlinear problems, dynamic problems, 
optimization problems, etc. # 
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7.2.9 Specify Supports 


/ 
[1] Highlight Static 
Structural in the 

project tree and insert a 
Fixed Support. — 


% 


@ Fixed O 


EVES ww Frictioniess 
Supports |. 
PP @ Displacement 


Structural 


| 


7.2.10 Specify Loads 


2 
[1, 3,5, 7] Click Force. 
- _.# 


@ Force O 


x @. Moment 
Loads 


ee | 


/ 


click Apply. 1 
Details of “Force 3° 


No 


[6] Select P3 and 


[2] Select PI (see figure 
below) and click Apply. — 


Details of "Force" 


ORD Gage) O 


No 


[8] Select P6 and 
click Apply. # 


Details of “Force 4” 


Gecnety Selestin 


Ge 1 Vertex 

Defiaitioa 

Te Ree 
No 


Q 
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P 
[2] Control-select the 4 vertices 


at the base. You may need to turn 
on vertex select filter. | 


[3] And click 
Apply. # 


Details of "Fixed Support” 


a 
[4] Select P2 and 
click Apply. <— 


% 


Details of "Force 2” 
-|| Scope 
scoping Method | Geornetry Selection 


Geometry 1 Vertex 
|| Definition 
Type Feace 
Define By Components O 


Coordinate System | Global Cocudinate system 
X Component | 0. Ibf Garnped) 
¥ Component | -LO000 lbf Gamped) O 


Z Component -10000 Ibf Gamped) © 
Duppaessed No 
P2 Pl 
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7.2.11 Set Up Solution Branch and Solve the Model 


{) Project 
=| [gi] Model (A4) 
+ JS Geometry 
rs vox Coordinate Systems 
AB Mesh 
=| -y{] Static Structural (A5) 
VLA Analysis Settings ————: 
t Fixed Support [1] Highlight 
J he Force 
"ADL Force 2 Solution. — 
Ja. Force 3 
J®. Force 4 
=|] Solution (A6) 
rel Solution Information 
Y@® Total Deformation 


/& Direct Stress 

QB Minimum Combined Stress 
GB Maximum Combined Stress 
ABB Minimum Bending Stress 
/@a Maximum Bending Stress 


retails of "Multiple Selection” 
[6] Highlight the 


5 objects under 
Beam Tool. | 


Calculate Time History | Yes 


[7] Select Unaveraged 
for Display Option 
(see [9]) — 


Why Unaveraged Stresses? 


r 
r | ’ 
Deformation Toclbox 


[2] Select 
Deformation/ 
i 
Total. — 7 [3] Select Toolbox/ 
Beam Tool. / 
~Y YY 
————————e 


[4] With Beam 
Tool highlighted, 
select Min 
Bending. — 


_———. 
[5] And select Max 
Bending. <— 


Oo Oo O O O 
Direct Min Max Min Max 
Bending Bending Combined Combined 
Stress 


ee 


[8] Click 
Solve. | 


[9] We've introduced the notions of averaged and unaveraged stresses (3.5.6, page 160). Unaveraged stresses are also 
called element stresses, since they are calculated at points (usually the geometric center or the integration points) inside 


elements. On the other hand, averaged stresses are also called nodal stresses, since they are calculated at nodes, which 
are located at element boundaries. Since we mesh each member with a single beam element, and if we select to display 
averaged stresses, every two adjacent members’ stresses would have been averaged and reported. The averaged 
stresses in this case would not have any meaning. # 
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7.2.12 View Results 


[1] Maximum 
deformation is 
0.39454 inch. | 


A: Static Structeral 
Type: Direct Stress (naveraged) 
Unit: psi 
Tune: 1 


A: Static Structural 
[ Totel Deformation] 
Type: Total Deformanon 

Unit: in 

Tune: 1 


0.39454 Max 
0.3507 
0.30686 
0.26302 
0.21919 
0.17535 
0.13151 
0.087675 
0.043837 . 
0 Min [2] Maximum 
compressive stress 


is 22,984 psi. | 


[3] Maximum pause 
: F : . : Static Structeral 
a: Static Steerer tensile stress is Maximum Combined Stress 
Tae Minivan Combinst Suess (Unaveraged) 11,932 psi. | Type: Maximum Combined Stress (Unaveraged) 
Unit: psi te pst 
Time: | = 
‘nasties i 


6825 


6080.9 


2795.1 

i” [4] The combined BD ions 

9294.8 stress (bending ey 5741.2 

ak. stress plus direct fess 

21385 stress) ranges 17563 
from -25,415 psi i ae 


to +13,962 psi. | 


2] 


A: Static Stractural A: Static Stractural 


| Mminum Bending Stress Maxunum Bending Stress 
Type: Minonum Bending Stress (Unaveraged) Type: Maximum Bending Stress Unaveraged) 
Unit: pst Unit: psi 
Time: 1 Time: 1 


-35.611 Max 
-301.67 ———_—_—_—_—_————* 1810.6 
567.73 1591.1 

833.8 [5] The bending 1371.6 

-1099.9 1152.1 

-1365.9 stress ranges 932 64 

-1632 from -2430 psi to 713.15 

pane +2030 psi, which se 
“2430.2 Min is only about 10% 54.684 Min 


of the combined 
stress [4]. # 


% J 
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7.2.13 View Member Forces/Moments 


[1] With Solution 
highlighted, select Beam 


Results/Axial Force. | Details of "Asdal FOnean 


E)| Scope 


Scoping Method Geometry Selection 


Geomety All Line Bodies 
(|| Definitioa 


Type Duectional Asael Force 


[2] Select Beam Results/ 
Bending Moment. | 


= 


Beam 

Results 

Diagram Coondinate System Solution Coowdinate System 
Calculate Time History | Yes 


Torsional Moment. | 


Suppesed [No | No 
(=-]| Integratioa Point Results 

Display Option | Unaveraged 
[4] Select Beam Results/ Miaimam Value Over Time 


Shear Force. | 


Information 
a 
Jetails of "Total Bending Moment: Details of "Torsional Moment” a Details of "Total Shear Force” 
=| Scope | Scope =| Scope 
Scoping Method Geometry Selection Geometry Selection ‘Scoping Method | Geometry Selection 
Geomety All Line Bodies Geometry All Line Bodies ‘Geomety | All Line Bodies 
=| Definition _ a [| Definition =|| Definition | 
Type Total Bending Moment a ee ‘Type ‘Total Sheax Fouce 
By “Time ue ‘By “Time 
Display Time Last = || Display Time ‘Last 
- Coowdinate System Solution Coondinate System - - 
Calculate Tire History | Yes : : Calculate Tire Histoxy | Yes 
Identfiex | Wentiher | 
Suppressed _ No No (Suppuessed No 
(—|| Integrahon Pount Results | Integration Poiat Results - | Integration Point Results 
Display Option Unaveraged Display Option Unaveraged | Display Option Unaveraged 
+)| Results Results +|| Results 
(+) Minimum Value Ovex Time Minimem Valve Ovex Time +|| Minimum Value Ovex Time 
+]| Meccirnum Value Ovex Tire DMaximam Valea Ovex Tite || Maximum Value Ovex Time 
+) Information Information +) | Information 
——— a a 


[5] Click 
Solve. zi 
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A: Static Structural A: Static Structural 
Total Bending Moment 


ype: Directo: orce Unaveraged)(X Axis) Type: Total Bending Moment (Unaveraged) 
Unit: lbf Unit: Ibfin 
[6] Maximum Solution Coordinate System Time: 1 
compressive force is| "™'' jaceeuee 
15,802 Ibf. | 367.44 
322.91 
278.39 
233.86 
189.34 
14481 
100.29 
55.763 
11.238 Mm 
A: Static Strectural A: Statec Structural 
Type: Directional Torsional Moment (Unaveraged)(X Axis) “Type: Total Shear Force Unaveraged) 
Unit: lbfin Unit: Ibf 
Solution Coonlimate System Time: 1 
Time: 1 
9.1709 Max 
5.5007 Max 8.1745 
42213 7.1782 
2.942 6.1819 
1.6626 5.1856 
0.38326 4.1892 
-0.8961 3.1929 
-2.1755 2.1966 
-3.4548 1.2002 
-4.7342 0.20391 Min 
-6.0136 Min 


Wrap Up 


[7] Save the project and exit Workbench. # 
% ee 


References 
|. All Help>Mechanical APDL>Theory Reference>| 3.188. BEAM! 88 


2. All Help>Mechanical APDL>Theory Reference>1! 3.180. LINK 180 
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Section 7.3 


Two-Story Building 


a a a 
L 1 


7.3.1 About the Two-Story Building 


[1] The two-story building [2-7] is constructed for residential usage. The local building code requires that a live load of 
50 Ib/ft? be considered, along with its own weight. Since the building is in an earthquake zone, an earthquake load must 
be considered. For a low-rise building like this, the building code allows an equivalent static analysis instead of a 
dynamic analysis. Here we consider a static earthquake load, which is equivalent to 0.2 times gravitational acceleration, 
applying horizontally in the shorter direction of the building. In a practical design project, earthquake load applying in 
other directions should also be simulated. 

The beams and columns will be modeled as line bodies and the floor slabs as surface bodies. We assume that all 
bodies are perfectly bonded together. The geometric model will be used for a static structural simulation in this 
section. The model will be used again in Section | 1.2 for a modal analysis and Section 12.3 for a harmonic response 
analysis. 

In this exercise, we will use in-lbm-Ibf-s unit system most of the time. On some occasions, we will change the 
unit system to ft-Ibm-Ibf-s unit system. One feature of Workbench is the flexibility of using unit systems. When 
you switch to another unit system, Workbench will convert the units nicely for you. / 


[3] The floor slabs are made 
of reinforced concrete, its 
thickness 5 in. | 


[2] All beams and 
columns are made of 
structural steel, with a 
cross section of 


W16x50. > 


[4] Each story has a 
floor-to-floor 
height of 10 ft. <— 
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PART A. GEOMETRIC MODELING 


7.3.2 Start Up 


a 


nena er 


’ EngineeringData “ y, 


SI 


[2] Start up 


[1] Launch Workbench. DesignModeler. # 


Create a Static 
Structural system. Save 5G setup 
the project as Building. — 


° 
1 
a. 2 
ile 
4 


6 SE Solution y 
_ 7 7 wy Results r 


Static Structural 


| 


7.3.3 Create 16 Points in the Space 


a. 
[1] Select Inch as the 


length unit. Click Point 
on the toolbar. | 


- “a 
a e. 
[2] Select Manual 
Input. | 
&]| Details of Poiatl 


Te 

Poiat Group 1 (RMB) 

FEE K Coot [Om 
705 ¥ coat [Om 
[FDIO 2 Cones [On 


/ \ 

[3] Type coordinates 
for Pointl. | 

\ y 


4] Click 
alae | Gee | | 


| 


_————— 
[5] Repeat steps [1-4] for additional |5 
points (Points 2-16) and type their 
respective coordinates shown in this table. 
Remember that, alternatively, you may input 
the coordinates by preparing a coordinates 

file (see 7.2.3[8-10], page 285). | | 
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[6] These 16 points are 
starting and ending 
points of the 8 
columns for the lower 
floor. (The numbers 


are added by the 
author for your 
convenience.) # 


7.3.4 Create a Line Body of 10 Beams 


/ 
Concept Tools Units View | 
[2] Define 6 line segments. 


Remember that each line 


cf] Lines From Sketches segment is defined by first 
A Lines From Edz clicking its starting point 
a 2D Cue / and then control-clicking its 
“\ “plitEdees| [1] Pull-down-select ending point. | 
@ ove p| Concept/Lines SS 
oh Sistitsasth From Points. — 
ee } } rl , ri \ 
| [3] Click | 
= ke Apply. — 
Cross Section » PPIy 
| [4] Click 
Generate. / 
View Help 
_v Shaded Exterior and Edges V 
Shaded Exterior ~2 Generate 
Wireframe 
Graphics Options > 
v Frozen Body Transparency 


Edge Joints 
Cross Section Alenments & 
Display Edge Direction 
Display Vertices 

Cross Section Solids 


Ruler 
v (Tand [5] Turn off View/ 
Cross Section 
— Alignment. # 
Windows 
== 
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7.3.5 Copy the Line Body 


a 
Create Concept Tools Units V | [2] Select the newly 
>. New Plane ml Details af Teaatiatel : eh Ae cs 
[R Extrode Translate Translate! Sek Pe: 


ate Revolve Preserve Bodies? | Yes O 
&, Sweep Bodies O~ " 
& Skin/Loft "FDS, X Offset [Din O [3] Type 120 (in). Click 
BB ThinvSurfec: AG Generate. This copies the 
aoe 7a SOE ln line body and moves 120 
uf 3 inches upward. # 
tg GI i 7 J 
a ee 

<t Vertex Blend 
*, } : 
Pattern 
ph Body Operation 

Body Transformaton 
Boo! 
i Slice 

Delete 
@ Point 

@ 
S 


Primitives 
[1] Pull-down-select Create/ 
Body Transformation/ 
Translate. 7 . ’ 


7.3.6 Create Line Body for Columns 
a. 
[2] Define 8 columns, each two- 
stories high, and click Apply. 
Remember that if you make a 
mistake, you can remove a line 
segment by clicking its starting 
point and then control-clicking 
ending point again. Click 
Generate. # 


a 


Details View 
[1] Pull-down-select 


Concept/Lines 
From Points. — 


Concept Tools Units 
a 
A Lines From Sketches 
(F) Lines From Edges 
\A, 3D Curve 

“«. Split Edges 

<> Surfaces From Edges 
9 Surfaces From Sketches 


Lines From Points 


re 
fh. | a 


Cross Section 4 


| 
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7.3.7 Create a Cross Section 


Concept Tools Units View | 


we Lines From Points 
3) Lines From Sketches 
(i) Lines From Edges 
YA, 3D Curve “ 
“«, Split Edges 

© Surfaces From Edges 
(22) Surfaces From Sketches 


—~ 


[1] Pull-down-select 
Concept/Cross 
Section/I Section. — 


[A Rectangular 

@ Cuiucular 

€& Circular Tube 
[CS Channel Section 
oc I Section 

“LZ Section 

LL, L Section 

dL, T Section 

Jf, Hat Section 
Rectangular Tube 
User Integrated 
gf User Defined 


Cross Section 


7.3.8 Assign the Cross Section to the Line Body 


=) yg 1 Cross Section 
Je 

= /& 1 Part, 1 Body 
y ™ Line Body 


Sketching Modeling 


[2] Type the 
dimensions of the 
W 16x50 cross 
section like this. # 


[1] Select Line Body in 
the model tree. | 


[2] Assign I1 to the 
line body. # 
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Details View 


=| Details of I1 
‘Sketch ‘I! | 
‘Show Constraints? | No | 


oy 
bh 
in 
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7.3.9 Adjust Cross Section Alignments 


[2] Cross section 
alignments of the beams 


View Help ‘ ‘ ‘ 
3 in longer-direction need 
Y Shaded Extenor and Edges to be adjusted. WA, 
shaded Exterior 
Wireframe : 
FmnhieeGvions [1] Turn on View/ 7 


Cross Section 
Solids. — 


[3] Turn on the edge 
selection filter. / 


¥ Frozen Body Transparency 
Ed ge Jomts 
Cross Section Ahgnments 
Display Edge Direction 
Display Vertes 


Cross Section Solids 


[4] Control-select 
these |2 line edges. | 


[6] Now the beams 
look like this. 
Beams are usually 
constructed this 
Way. # 


|| Lane-Body Edges: 12 ; 

| Alignment Mode | Selection | 4 ae 
Alignment X 0 
AignetYO 3 
Alignment Z 1 ——| | 


[Raves Oientton? [No ae 
| Frame Alignment Automatic (H btation Minimizing) 


t ee 
[5] Type -90 (degrees) to turn 


the sectional Y-axis upward. 7 
\ 
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7.3.10 Create Surface Bodies -——.—_"— 


[2] Control-select these 4 

edges. Notice that the cursor 
Concept Tools Units View 1 turns to the line-edge shape. | 
“oe Lines From Points ‘ é 
3) Lines From Sketches 
[> Lines From Edges 
\A, 3D Curve 
“«, Split Edges 


[!, 6] Pull-down-select 
Concept/Surfaces 
From Edges. — | 


3) Surfaces From Sketches 


mi SULLace 


Cross Section > 


[4] Turn on the face selection filter and click the surface 
body. One of the surface faces is highlighted (with a 
green color), indicating that it is the positive-side of the 
surface body; the other side is the negative-side. \, 


[3] And click Apply. Type 5 
(in) for Thickness. Click 
Generate. <— 


Details View 


_— 


ae 


— = | Je 


[7] Select this edge. Use 
Selection Panes (see [8]) to 
correctly select a line edge 
L rather than a surface edge. \, 


P 


— 


( [5] If the positive-side of the 
surface body is not upward, 
select Surfl in the model tree, 
and, in the details view, select 
Yes for Flip Surface 
Normal?. Click Generate 
and go back to [4] to make sure 
the positive-side is upward. \ 


i 
[9] Control-select the 
other 3 edges. | | 


a 
[8] Selection Panes can be used to 
select a line edge (instead of a surface edge). 
In this case one pane represents a line edge 
and the other pane represents a surface 
edge. You can distinguish them by the cursor 
shape. Also, you can deselect a pane by 
control-selecting it. \ 
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ee 
Details ame [10] And click Apply. Type 


G[Detaisofsut@ «| 2 (in) for Thickness. Click 
|Line-Body Tool [Swf Generate. | 
Edges 4 O — 


Thickness (>=0) Bi O 


Details ¥ 1ew 


[12] Repeat steps [6-1 1] 
to create 4 more surface 
bodies. / 


[| 1] Remember, if the positive-side of the 
surface body is not upward, select the 
surface in the model tree, and, in the details 
view, select Yes for Flip Surface 
Normal? (see [4-5], last page). — 


Edge Selection 


[13] When you select edges, you may need to use 
Selection Panes to correctly select the line 
edge rather than a surface edge ([7-8], last page). 
You can distinguish them by the cursor shape. If 
you select a surface edge instead of a line edge, 
the slab would not connect to the line body and 
would have a gap after deformation [14]. > 


[14] If you select a surface edge instead 
of a line edge, the slab would not 
connect to the line body and would have 
a gap after deformation. <— 


Direction of Surface Bodies 


[15] Each surface body has a positive-side and a 
negative-side. In Mechanical, the pressure 
always applies on the positive-side. Therefore it is 
important to know which is the positive-side: turn 


on the face selection filter and click the surface 
body, and the positive-side will be highlighted with 
a green color. Make sure the positive-side of each 
surface body is upward in this case. If it is not, 
select Yes for Flip Surface Normal? in the 
details view (see [4-5], last page). # 


E 
4 
a dee eee 
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7.3.11 Form a Single Part 


Ell 1 Part, 7 Bodies 

A ,@® Part 

oo, Sw Line Body 

oo, (9) Surface Body 
oy £9 Surface Body 
i y (2 Surface Body 
yy £9 Surface Body 
som y (4 Surface Body 
aa y (2 Surface Body 


KK 


PART B. SIMULATION 


7.3.12 Prepare Material Properties 


[1] Select all the 7 bodies and right-click- 
select Form New Part. This bonds all the 
bodies together: the deformation will be 
compatible at the boundaries between bodies. 
Close DesignModeler. # 


Section 73 Two-Story Building 303 


6 | Solution 


[1] Double-click 7 @ Results 2 
, 4] Click to return to ‘ ‘ 
| F Project | as Project L Engmeconne pate | Static Structural 
=—— Schematic. # 
/ ‘ Data —_— = 2 X 
, 2 D ] Pa 
ig Data Source | A| Loc . 


2 vy Favorites | 


GH General Materials . 


4 i General Non-linear Materials 


[2] Click Engineering Data Sources and 
click to load the General Materials library 
(also see 6.3.8[2-4], page 262). | 


5 ww Explicit Materials 


General properties for air. 


General aluminum alloy. Fatique properties come 
from MIL-HDBK-5H, page 3-277. 


% Gray Cast Iron 


[3] Click the plus sign next 


% Magnesium Alloy 


to Concrete to add it to 


> Polyethylene 


Engineering Data. \. 


Silicon Anisotropic 


> Staiiess Steel 


Structural Steel 


Fatigue Data at zero mean stress comes from 
1998 ASME BPV Code, Section 8, Div 2, Table 5 
-110.1 


® Titanium Alloy 


=e 


iv 
} a) 
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7.3.13 Start Up Mechanical 


7.3.14 Assign Materials 


Project 
=| |g] Model (A4) 
=| A Geometry 
=| Gp Part 
y ™ Line Body 


[1] Highlight all the 


wa eay Surface Body : 
surface bodies. — 


y © Bey 
Wreeh surface Body 
(+) "4 Coordinate Systems 
J Connections 
Jp Mesh 
=)-9L=] Static Structural (AS) 
Wa Analysis Settings 
=) la] Solution (A6) 
(8) Solution Information 


7.3.15 Generate Mesh 


Generate 


-) Display 

Display Style Use Geometry Setting 
-| Defaults 

Physics Preference Mechanical 


Element Order 

Element Size 

+)| Sizing 

+) Quality 

+) Inflation 

+) Advanced 

=|| Statistics 
Nodes 
Elements 


Program Controlled 
Default (30.0 in) 


[2] The default mesh settings generate 
608 elements (including shell elements 
and beam elements). 7 


— ; y= 


vv 
‘7 Static Structural 


2 @ EngineeringData Y , 
3 @) Geometry 


[I] Start up 
Mechanical. Make 
sure the unit system is 


2 
. — in-lbm-Ibf-s. # 
6 | Gs Solution T 4 
7 @ Results F « 
Static Structural 
ee 


Dieta: of "Multiple Selection” 


5. in 


|Refsech on Update 


[2] Select 


eenerere = 
Thera twin Hat 


Bounding Box 


[|] Highlight Mesh and 
generate mesh. / 


[3] Turn on Display/ 
Thick Shells and 
Beams. # 
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7.3.16 Specify Supports 


/ 
[1] Highlight Static 
Structural in the 

project tree and Insert a 


Fixed Support. — 
be 


@ Fixed 


TUTE gw Frictionless 
Supports _. 
@ Displacement 


Structural 


| 


7.3.17 Apply the Live Load 


@ Force 


x @, Moment 


Loads — 
@_ Pressure 


[I] Insert a 
Pressure. — 
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Details of "Fixed Support™ 


Geo Sletin 


Definition 
Type Fixed Support 
No 


[2] Control-select all 8 
points at the base and click 
Apply. Use the vertex 
selection filter (and turn off 
Display/Thick Shells 
and Beams). # 


cS) 


= 4 


Veta ot aan [2] Control-select all the surface 


bodies and click Apply. Remember 
the pressure is applied on the 
positive-side of the surface bodies. | 


__ Oe 


Presswe 
Normel To 
Sutface Effect 
50. psf Gamped) 
| Suppuessed |No 


S 


[3] Select the ft-Ibm-Ibf-s unit 
system and type 50 (psf) for 
Magnitude. # 
gh 
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7.3.18 Apply Earth Gravity 


A: Static Structural 
Standard Earth Gravity 
Time: 1. s 


» 


inertial 


[1] Select Inertial/ 
Standard Earth 
Gravity. | 


[| Standard Earth Gravity: 32.174 ft/s? 
Components: 0., -32.174, 0. ft's? 


| a | 


Details of "Standend Earth Gravity” 


Secpe 
| Geometry 
= Definition 
Cosnte System | Gta Cotte System 
‘YCononeat (S217 Gamped) 
Supesed NS 


[2] Select -Y Direction. This defines 
the direction of gravitational force. # 


7.3.19 Apply the Earthquake Load 


> [1] Select 
Inertial Inertial/ . 
= Acceleration. | . Stractaral 
cceleration 
eo Time: 1. s 
| a | 


[| Acceleration: 6.4 ft/s? 
Components: 0, 0., 6.4 ft/s? 


Details of “Acceleration” 


O. ft's* Gamped) 
6.4 fi/s* Crammped) 


[2] Select Components for Define By and type 
6.4 (ft/s?) for Z Component. This defines how the 
bodies accelerate; the "Inertia force" applies in the 
opposite direction (-Z direction). # 


@Seismicisolation 


7.3.20 Solve the Model and View the Results 


B| Project 


Section 7.3 Two-Story Building 307 


i: 
[3] Select Total 
Deformation. The 


=i [kg] Model (A4) 
[+} Jf Geometry 
cS > Coordinate Systems 
J Connections 
AG) Mesh 
=|-y{ 4] Static Structural (AS) 
Wa Analysis Settings 
JD, Fixed Support 
Jh.. Pressure 
A@ Standard Earth Gravity 
/@i! Acceleration 


=|] Solution (A6) | 
AH) Solution Informaton \ 
@% Total Deformation 
¢@ Maximum Principal Stress 
ms) Minimum Principal Stress 


S AB) Beam Tool 


/@ Direct Stress 
LG Minimum Combined Stress 
¢@p Maximum Combined Stress 


Solve 


A: Static Structural 


or. eformmahon 
Type: Totel Deformation 
Unit: m 
Time: 1 


0.30373 Max 
0.26998 
0.23623 
0.20249 
0.16874 
0.13499 
0.10124 
0.067495 
0.033748 

0 Min 


[1] Set up 
Solution branch 
like this. 7% ; 


75 (0.5x Auto) . deformation is too 
| exaggerated; reduce 

Sc ° 

Sooped Brame | the scale like this. | 


¥ Large Vertex Contours *, 


[4] Turn on Display/ 
Thick Shells and 
Beams. | 


[5] Select the in-ibm- 
Ibf-s unit system. | 


[6] The maximum 
deformation is 0.3 in. el 
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_— 

[7] Maximum compressive stress of 
the concrete slab is about 550 psi, 
well below the fracture stress of 
the concrete (3000-4000 psi). | 


A: Static Structural 


Minimum Principal Stress 
ype: Minimum Principal Stress - Top/Bottom 


Unit: psi 
Tune: 1 


1.5432e-13 Max 
-60.639 


-121.28 
-181.92 
; -242.56 
-303.2 
-363.83 
-424 47 
-485.11 


a has vu lpade. 
Minimum Combined Stress 


-320.96 Max 
-1320.6 
-2320.3 

-3320 

-4319.6 
-5319.3 

-6319 

-7318.6 
8318 3 
-9317.9 Min 


[8] Maximum stress for 
beam/column is 9300 psi 
(compressive), well below 

the yield stress of the steel 

(40,000-60,000 psi). | 


\ 


o.oo eeT——™”nn OO 


Wrap Up 


[9] Save the project and exit Workbench. # 
Be 
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Section 7.4 


Review 


7.4.1. Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( —) Beam Elements 

2. ( —_) Coordinates File 

3. (_ ) Direct Stress and Bending Stress 
4. (— ) Maximum/Minimum Bending Stress 
5. (_) Combined Stress 

6. ( _ ) Truss 

Answers: 


L(A) 2(F)3.(C) 4(D) 5 (EE) 6 (B) 


List of Descriptions 


(A) Aline (1D) element that can be arranged in the 3D space. It is used to mesh a body when two of its dimensions 
are much smaller than the third dimension. Each node has 6 degrees of freedom: 3 translational and 3 rotational. Due to 
the presence of rotational degrees of freedom, it is very efficient to model the problems dominated by bending modes, in 
contrast to a solid element, which does not have rotational degrees of freedom. 


(B ) Defined as a structure consisting of two-force members. By two-force member, we mean that the members are 
pin-jointed at the ends, and the loads apply on the joints so that the members are either stretched or compressed but 
not bent. 


(C) The resultant forces acting on a beam cross section can be summarized into three components: direct force F, 
bending moment M, and shear force V. Only the direct force and the bending moment contribute to the axial stress. The 
axial stress caused by the direct force is called the direct stress o = F/A, where A is the cross-sectional area. The direct 
stress can be tensile or compressive. The axial stress caused by the bending moment is called the bending stress 

o, = My / ], where y is the distance from the neutral axis to the point of concern, and | is the moment of inertia of the 
cross section. 
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(D) Occurs at either the top or bottom beam edge, depending on the direction of the bending moment. 
(E ) The superposition of the direct stress and the bending stress. 


(F ) A text file describing the coordinates of points. The file has 5 columns, or fields: (a) group number, (b) ID number, 
(c) X-coordinate, (d) Y-coordinate, and (e) Z-coordinate. The group number and the ID number are arbitrary and they 
together uniquely identify a point from others. 


7.4.2. Additional Workbench Exercises 


Convergence Study of Beam Elements 


Generate a convergence curve like the one in 7.1.16[2] (page 282) for the flexible gripper in Section 7.1. 


Mesh Each Member with More Elements 


We mentioned in 7.2.8[4] (page 289) that the default settings of Mesh would mesh the model with 205 beam elements 
and would result in exactly the same solution as 37 elements. Verify this. Type 0 for Element Size to set to the default 
element size. 


Pin-Jointed or Rigid-Jointed? 


We mentioned in 7.2.1[1] (page 283) that if the members of a truss structure are slender enough, there is no essential 
difference between a pin-jointed model and a rigid-jointed model. Verify this. You may use the 3D truss example (Section 
7.2) or select a simple truss structure from any of your Engineering Mechanics textbooks. Solve the problem with the 
pin-joint assumption, and then solve the problem again using a rigid-jointed model. Compare the results and draw your 
conclusions. 

To model a pin-jointed structure in Workbench, you need to either specify revolute joints between the members or 
utilize End Releasel®¢ '] feature in Mechanical [I]. 


Connections @|ConnectionGroup “tH, Contect~ WSpot Weld +E End Release 


Filter: Narre 
F-] Project 
=) [gl Model (A4) 


+ A Geometry 


= 20 Connections 


BE Find Release 


¥)y ate Coordinate Systems 
A®A Mesh 


a” 


[1] End Release. 


References 


|. All Help>Mechanical Application>Mechanical User's Guide>Setting Connections>End Releases 
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Chapter 8 


Optimization 


Design Process 


A typical engineering design process involves several steps as shown in 
[1-6]. First, the engineer sets up an initial design [I]. The design is 
simulated [2] and the performance is evaluated [3]. If the performance is 
satisfied, the design is accepted [6], otherwise the design must be improved 
somehow [5]. It is an iterative process. After several iterations, the design 
hopefully converges to an optimal design. 

Conventionally, the way of improving a design [5] relies on engineers’ 
experience. The consequence is that the process is costly and often fails to 
find an optimal design. 

This chapter focuses on a capability of Workbench, which automates 
the entire design process [1-6]. 


Purpose of This Chapter 


This chapter is strategically arranged in the middle of the book because it is 
a suitable time to learn optimization techniques before we look into more 
advanced topics. The idea is that the students should be aware as early as 
possible of the optimization capabilities provided by Workbench so that 
they can use the features when doing their exercises. 

This chapter provides two hands-on examples, which cover main ideas 
of optimization. After these exercises, the students should be able to use 
these capabilities on their own. 


About Each Section 


Section 8.1 revisits the flexible gripper, introduced in Section 7.1. This time, 
we want to improve the shape of the gripper to achieve an optimal 
geometric advantage. Section 8.2 provides an additional exercise, in which 
the triangular plate, introduced in Section 2.2 and simulated in Section 3.1, 
is to be improved to achieve a minimal weight design. 
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[1] Set up initial 
design 


[2] Conduct 


simulation 


[3] Evaluate 
performance 


[4] 


Satisfied? 


[5] Improve 
current design 


312 Chapter 8 Optimization 


oS) A: Static Structural 
X Aus - Directional Deformetion 
Type Directional Deformation(X Aus) 
Cc C ® Global Coordinate System 
Time 1 + 
58.024 Max 


51.569 
45 114 


Flexible Gripper!Re! "J 7 


8.1.1 About the Flexible Gripper 


[1] In Section 7.1, we created a model for the flexible 
gripper [2] and performed a static structural simulation to 
assess the GA (geometric advantage, defined as the ratio 
of the output displacement to the input displacement; see 
7.1.1[1], page 272) of the design. For that particular 
design, the GA value is |.04 (7.1.15[6], page 281). In this 
section, we want to improve the GA value by adjusting the 
shape of the flexible gripper. 

The shape of the gripper is defined by 7 key points [3]. 
The positions of P|, P4, P5, and P7 are fixed (cannot be 
changed) due to the constraints imposed by some 
functional requirements. The positions of P2,P3,and P6 
are free to be adjusted. 

The idea is to fix the X-coordinates of these three 
points and adjust their Y-coordinates to achieve a better 
GA value. The allowable adjustment ranges for the Y- 
coordinates are +10 mm for P2,+20 mm for P3 and +5 
mm for P6. Besides, there is a limitation on the stresses, 
either tensile or compressive, which should not exceed [5 
MPa for a reliability consideration. P2(—90, 40) 

In Workbench, DesignXplorer is used to carry out 
the task. 7 


[2] The 
gripper. | 


[3] The shape is 
defined by 7 key 


i P4(-35,160) 


P3(-69,120) 


P5(—34,100) 


P6(—24, 60) 
P7(0,50) 


P\(-70, 0) x 


Keep the Number of Design Variables Minimum 


[4] The (input) parameters that can be changed to improve a design are called the design variables (in this case, Y- 
coordinates of P2, P3, and P6). The overall computing time and complexity of an optimization process increases 


dramatically as the number of design variables increases; therefore, it is important to keep the number of design 
variables as low as possible. 

In this case, we could have chosen both X-coordinates and Y-coordinates of P2, P3, P6 as design variables. That 
would increase the number of design variables from 3 to 6 but without gaining any advantages. # 
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8.1.2 Resume the Project Gripper 


& Gripper - Workbench - 
j Tools | Units | Extensions Jobs Help 


y 


[1] Launch Workbench | 
and open the project 
Gripper, which was 

saved in Section 7.1. 7 


of “ics 
— «Random Vibration 
w Response Spectrum 
Rigid Dynamics 
kJ Static Acoustics 
Static Structural 


€3 Steady-State Thermal 


4} Thermal-Electric 


SI (kg,m,s,K,A,N,V) 


[2] Select the tonne-mmss unit 


Metric (kg,m,s,°C,A,N,V) ® ACT Start Pat 
ae ene C) system as the Project Units. | 
U.S.Customary (lbm,in,s, °F ,A,lbf,V) 
U.S.Engineering (Ib, in,s,R,A,Ibf,V) w 
Display Values as Defined \ : 
—— [3] Also select Display Values 
ering Da 4 s a ® 
Unit Systems. in Project Units. | 
4 @ Mode! ¥ ————__—=|T — ——s—ssSsSsSéSésa 
5 @@ Setup “4 
6 @ Sotuton 7 ; 
7 @ Resutts ae 4 


[4] Double-click 
Geometry. # 


Static Structural 


&3 Topology Optimization 


Transient Structural 
& Transient Thermal 


@ Turbomachinery Fluid Flow 


& Component Systems 
|} Custom Systems 
Design Exploration 
& ACT 

Lv 


4 Double-click component to edit. 


Vrew All i Customize. | 


Shaw Progress (°)ShowOMessages | 


FES 50b Monitor... 


8.1.3 


A: Static Structural 
S|) >f. X¥Plane 

Mae sketch! 
ye ZXPlane 
yo YZPlane 
yc) Line! 

yd Sketch! 
y@® 1 Cross Section 

yD Rectl 
yf 1 Part, 1 Body 
y ™ Line Body 


Oo 


[2] Switch to 
Sketching mode. —> 


.* 


Define Input Parameters in DesignModeler 


[1] Highlight 
SketchI. / 


[4] This is the Y- 
coordinate of P3. \, 


[3] This is the Y- 
coordinate of P2. { 


[5] This is the Y-coordinate of P6. | | 
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Details View 

-| Details of Sketch1 
Sketch 
Sketch Visibility 
Show Constraints? | No 


Sketch1 
Show Sketch 


- Dimensions: 12 


H1 70mm 
H2 90 mm 
H3 69mm 
H4 35 mm 
HS 34mm 
H6 24mm 
V10 100 mm 


[6] Click the box before 60 mm 
the Y-coordinate of P2 (40 50 mm 
mm). Your dimension 40 mm 
name may not be the 120 mm 
160 mm 


same as here (V7). 7 


[9] A P is marked on the box, indicating that it is an 
(input) parameter. Its value is controlled by the program 
now and cannot be manually changed unless you remove 

the P by clicking it again. > 


=| Details of Sketch1 
Sketch Sketch ae. 
Sketch Visibility | Show Sketch 


[12] Click the box before the 
Y-coordinate of P6 (60 mm) 
and type the name Y6. Close 
DesignModeler. \, 


Show Constraints? | No 


=| Dimensions: 12 


J 


[11] Click the box before the Y-coordinate 
of P3 (120 mm) and type the name Y3 [7]. 
Remember your dimension name may be 
different from here. f 


ae ss 


A: 


[7] Type Y2 as the 
parameter name. | 


Create a new Design | /arameter for dimension reference 
XY Plane. V7? 


Parameter Name 


Cancel | 


~ i 
[8] Click OK. / 


\ 


es 

[10] Repeat steps [6-8] for the Y-coordinates 

of P3 and Pé (see [1 1-12]). Remember that 

your dimension names may not be the same 
as they appear here. / 


fF 
% 


a 
1 77 Static Structural 


2 @ EngineeringData Y , 


————————— 


3 Qi) Geometry Y 4 [14] Double-click 
s[Biee OTK open 
S echanical. 
= — a Set the unit 
a ae Sotuton de system to mm- 
7 @ Results Y 4 kg-N-s. # 
>8 [pd Parameters \ y, 


Static Structural 


| (p Parameter Set 


[13] A Parameter Set is added to Project 


Schematic. Parameters can be accessed from this 
"bus." We will explore it later (8.1.5, page 315-317) after 
we define additional parameters in Mechanical. { 
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8.1.4 Define Output Parameters in Mechanical 


Gd) Project 
= i Model (As) 
+) JD Geometry 
+) yg Cross Sections 
+)-ya Coordinate Syst 
J® Mesh 
= A=] Static Structur 
wa Analysis Set 
JAB, Fixed S 
/@ Fixed Rotation 
JB Displacement 
=| J@ Solution (A6) 
AJ] Solution Information 
/&@ Total Deformation 


J i 
=) J] Beam Tool 
/® Owect Stress 
JSD Minimum Combined Stress 
/® Mavamum Combined Stress 


Details of “X Axis - Directional Deformation” 


~|| Scope 
Scoping Method Geometry Selection 
Geometry All Bodies 
+) Definition 
=| Results 
-1.96684¢-003 mm 
52.035 mm 
verage 19.582 mm 
Niinimum Occurs On | Line Body 
aximum Occurs On = Line Body 


[2] Click the box before 


is marked on the box, indicating 


Maximum under Results. A P 


that it is an (output) parameter. 7 


3% Coordinate Systems s 
Mesh 


{>} Static Structury__ 
LN Analysis Se 
Jn Fixed 
J®, Fixed Rota 
JB Displaceme 

=) /@i Solution (| 

T) Sobutic 

A!) Solutic 
J® Total Deformation \ 
J® % Axis - Directional Deformation \ 
=| J] Beam Tool | 

J® Direct Stress 


Ming) 97 
- tk © 


[3] Highlight Minimum 
Combined Stress. | 


bined = 


J® Maximum Combined Stress 


Details of “Minimum Combined Stress” a 
+ Definition 
-| Integration Point Results 


Details 
+ Definition 


Section 8.1 Flexible Gripper 315 


r-| Project a Project 
=) (@} Model (4) = |B) Model (A4) 
pe oe : 
[|] Highlight X Axis- 
Directional 
Deformation. | 


J Geometry 
vé Cross Sections 
v2 Coordinate Systems 


[5] Highlight 
Maximum 
Combined Stress. | 


Ad) Solution Informaton 
J® Total Deformation 
J % Axis - Directional Deformation 

e Ji) Beam Tool 

JAD Direct Stress 

QD Morirum Combined Stress 


Boe Masomurn Combined Stress 


of “Maximum Combined Stress” a 


-| Integration Point Results 


Display Option Averaged Display Option Averaged 
-) Results 
-12.508 MPa Minimum -8.8344e-003 MPa 
taximum ~2.9954e-002 MPa (E NS anit 12.478 MPa 
Average -5.1514 MPa verage 5.1437 MPa 


linimum Occurs On | Line Body 


aximum Occurs On | Line Body 


[4] Click the box before 
Minimum under Results. /7 


_ Eo \ 


8.1.5 Explore the Parameter Set 


7 A 


1 77 Static Structural 


2 @ EngineeringData Y 4 


3 Gi) Geometry Y 4 

4 ww Model Y 4 

5 R=) Setup oY 4 

6 Ws Solution we 

7 @ Results v 
> 8 [pd Parameters 


Static Structural 


(pd Parameter Set 


Parameter Set. 7 


[2] Select View/ 
Reset Workspace to 
make sure your 
workspace is the 
"standard" workspace 


(i.e. the GUI). | 


[1] Double-click 


[3] Note that there are 
several window panes in 
the workspace. Each can 

be turned on/off. |_| 
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N \aximum Occurs On | Line Body 


[6] Click the box before Maximum 
under Results. Close Mechanical. # 


Nirimum Occurs On | Line Body 


Units Extension 


Tol 


Reset Window Layout 


Toolbox 
Toolbox Customization 


Outline 


Properties 
Table 
Chart 


Messages 
Progress 


Sidebar Help 
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__=._—-=_-= = 
s\ Gripper - Workbench [10] Click Project [4] Outline lists all 
Fle Edt View poe. when you finish the | parameters and 
3) | ied] at} exploration. | charts. / 

dé 


[8] Table of Design Points. The 
only design point now is the current 


design. (More is on [12-14].) / 


OCufiine of All Parameters 
ID 
f=] Input Parameters 
= Static Structural (41) 


El Parameter Charts A 
RN Parameters Parallel Chart (all) 
YM Parameters Chart 

YW Parameters Chart Pivs ? 

UY Design Points Vs ? 


P. ter Nam | | 
arame = Name » | P1-¥2 4 | P2-Y3 * | P3-Y6 YY | 


Units mm 
DP 0 (Current) | 40 


(p P2 


(p P3 
lp 


f eS | [7] Chart displays the chart 
[5] Highlight a parameter, | 8 G@ Statc Structural (A1) || highlighted in Outline. There is no 
e.g.,Pl (its Parameter | eee X Axis - Drectonal Deformation Mé chart in Outline now. [ 
: pd PS Minimum Combined Stress Minimurr 
Name is Y2). — a 
\ iz 


Charts 


[6] Properties displays the 
properties of the parameter 
highlighted in Outline. { 


} Expression 
Usage 
Description 

Y View All / Customize... Error Message 


© Job Monitor... | i) Show Progress | 0 Show 0 Messages | 


[9] Toolbox lists the tools (for creating charts) 
Hl available for the parameter highlighted in Outline. { 


Notations Used in This Section 


[1 1] Workbench uses PI, P2, P3(non-italic) and so on as parameter names [5]. In our case of the flexible gripper, we 
use P2, P3, and P6é (italic) for three control points of the shape. Be careful not to confuse these two sets of notations. 


Input Parameters and Output Parameters 


In optimization jargon, input parameters are also called design variables. Initial values of input parameters are set up by 
the user, and Workbench automatically changes these values to improve the design according to the algorithm used. 
The values of output parameters are calculated from the simulation applications (e.g, Mechanical). In our case, the 
input parameters are Y2 (PI) ,Y3 (P2), and Y6 (P3), and the output parameters are the maximum horizontal 
displacement (P4), the minimum combined stress (P5), and the maximum combined stress (P6). Note that the input 
parameters are not necessarily defined in DesignModeler. For example, the loads defined in Mechanical could be 
defined as input parameters. 


Design Space 


The space spanned by the input parameters is called the design space. In our case, the space spanned by parameters Y 2, 
Y3, and Y6 is the design space, which is a three-dimensional space. The optimization process can be thought of as a 
process of searching for an optimal point in the design space. 


Design Points 


Any point in the design space is called a design point. Table of Design Points [8] lists a series of calculated design 
points. Initially, we have only one design point: Y2 = 40,Y3 = 120,Y6 = 60. This design point is now called the current 
design [8]. Current Design is a design point of which the data are stored in Mechanical database. | 


@Seismicisolation 


Section 8.1 Flexible Gripper 317 


Table of Design Points 


; PE - 
r actos) P5 - Minimum Maximum 
1 Name ¥ | Pi-Y¥2 ¥ | P2-Y3 VY | P3-Y6 7 | 2 * Combined be Combined Y 
Deformation Sires Manian sme S 
Maximum re acc tre 
es 5 _Units | mm MPa | 1 44 Copy 


se 52035 | 12808 | 12.47 Set Update Order by Row 

fer tet ter 7 | show update order 

ee pose it ere 
35 105 


[= ; ; ; 
| | | = | | ~ JK Delete Design Point 


=35 Duplicate Design Point 


fed! — : — 


L| Export Design Point as Project 

[I2]A useful feature of Table of Design [y Update Selected Design Points O | 

Points [8] is that you can type values for 
input parameters... | ae SS 


[13] And click Update All Design [14] You can also select one or 


Point | h Tie more design points and right- 
oints to evaluate the output _// Update All Design Points click-select Update Selected 
parameters. (A demonstration is 


given in 10.1.8, page 372.) 5, =a Design Points. # 


8.1.6 Create a Direct Optimization System 


& Gripper - Workbench - a) x 
Fle View Tools Units Extensions Jobs Help 

7) ee vw aw Project (dF grameter Set % 
tdi) tmport... | <9 Reconnect t [] Refresh Project % Update Project Update Al Design Points | Sig ACT Start Page 

| Toolbox | ~ax ect Schemat 


|B Analysis Systems 
‘ec Design Assessment 
ey Eigenvalue Buckling 
Electric 

Explicit Dynamics 
© Fluid Flow (CFx) 
Fluid Flow (Fluent) 
LJ Harmonic Acoustics 
Harmonic Response 
zs IC Engine (Fluent) 


i 
[|] Expand Design 
Exploration and double-click 
Direct Optimization. — 


—> 8 (bp) Parameters -—, 


| Static Structural 


| | [2] A Direct Optimization 
es system is created, and a link 
between it and Parameter Set 
indicates that information can be 
passed between them. | 


GH) Thermal-Electric 
&3 Topology Optimizatio 
= Transient Structural 
@ Transient Thermal 
Turbomachinery Fluid Fld 

|B Component Systems 

| & Custom Systems. 


|@ Design ss Babel 
& ETE 
hist Parameters Correlation 

igi Response Surface 

@ Response Surface Optimization 


Direct Optimization 


@ ROM Builder [3] Double-click 
ih! Six Sigma Analysis i eat 
me Optimization. # 
lv View All / Customize... 
i Double-click component to edit. FW job Monitor... Show Progress _°) Show 0 Messages 
3 a 
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8.1.7 


1 


Set Up Optimization MethodlRef 21 


Outline of Schematic 82: Optimization 


, Bp | c | 
TF ti Monitoring 
nable onitoring | 

| PF Optimization OQ_@ | | 


3 Objectives and Constraints 

4 | @ Doan | \ 

5 =I Static Structural (A 1) L [I] Select 

‘ —_ > Pi-Y2 . wi Optimization. | 
_s  & p2-v3 =63ol mS 

3 [p P3-Y6 | Pp | 

9 Parameter Relationships | | | 

10 Results | | | 


#*9 


[2] By default, the Adaptive Single- 
Objective method is used. The optimization 
methods available are listed in [3]. > 


Properties of Outline A2: Optimization 
7 


A | 
1 Property 
BPMN = Design Points 

3 Preserve Design Points After DX Run 
- = Failed Design Points Management 
5 Number of Retries | 0 

ST = Optimization 
7 Method Selection | Auto 
8 | Run Time Index | 5 - Medium 
9 | Estimated Number of Design Points | 47 
10 Method Name Adaptive Single-Objective | 

E 11 | Number of Inital Samples = 12 il 
12 | Maximum Number of Evaluations | 47 
13 | Convergence Tolerance 1E-06 
14 Maximum Number of Candidates | 3 

BtHE = Optimization Status 
16 Converged | Not Available 
17 Number of Design Points | 0 
i8 Number of Domain Reductions | o.! 

19 Number of Failures | 0 
20 Size of Generated Sample Set 0 ] 
21 Number of Candidates | 0 

2 Ee 

23 Report Image | None bud 
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Optimization Methods 


NLPQL 


[3] The method (Nonlinear Programming by 
Quadratic Lagrangian) is a gradient-base 
algorithm to provide a local optimization result. 
It supports single objective and is limited to 
continuous input parameters. 

Here, we select this method simply because 
it is one of the classical optimization methods. 
After completing this exercise, you are 
encouraged to try other methods. 


Adaptive Single-Objective 
It is also a gradient-based algorithm, providing a 
global optimization result. It is limited to single 


objective; it supports continuous and 
manufacturable input parameters. 


Adaptive Multiple-Objective 


It supports multiple objectives and aims at 
finding the global optimum. It supports 
continuous and manufacturable input 
parameters. 


MISQP 


The method (Mixed-Integer Sequential 
Quadratic Programing) solves mixed-integer 
nonlinear programming problems by a modified 
SQP method. 


Screening 


It uses a simple approach based on sampling and 
sorting. It supports multiple objectives as well as 
all types of input parameters. It is usually used 

for preliminary design, e.g., global behavior study. 


MOGA 


The method (Multi-Objective Genetic 
Algorithm) supports multiple objectives and aims 
at finding global optimum. # 
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8.1.8 Set Up Objective and Constraints 


[1] Select 
Objectives and 
Constraints. \, 


es 
[2] In the Table of Schematic, set 
up Parameter, Objective, and 
Constraint like this. Note that the 
unit for stress is MPa. # 


Parameter Relationships 
Results 


3 Maximize P4 

4 | P5>=-15MPa = 

5 P6 <= 15 MPa 

> Select a Parameter — = 


8.1.9 Set Up Lower/Upper Bounds for Input Parameters 


Se _ —— Schematic B2: Optimization 
Properties of Outine AS: P1-Y¥2 ae P 


c 

1 . ——— al Enabled - Monitoring | 
[2] Type 30 for Lower 2 | F optimization @ 7 
= General | Bound and 50 for GU] Gt ObiecivesandGonatants [1] In Outline, 
|___ Units ee Upper Bound. — a | @ waimzera | Select PI-¥2. <— 
Cesfcaton | contrums 68m Va 

= Values 6 | © 76 <= 15 MPa 

| omersound [30 7 | & Domain [3] Select 

| Uprertound | 500 OO 8 |__ 3 @ state svuctral (ay P2-Y3. / 

Aowed Vales | Any | a ao el ee 
10 | [) P2-¥3 © ww} 
=| (p p3-¥6 © = [5] Select 
12 Parameter Relationships P3-Y6. | 
13 | Results 


Units 
4 Classification 
5 Units 
6 Lower Bound 4 Classification | Continuous 
1 7 | Upper Bound fo COT 5 ’ 
Allowed Values Fe 6 Lower Bound | 55 5 [6] Type 55 for Lower 
7 UnperBound = 65 SOS |-~S—s Bound and 65 for 
[4] Type 100 for Lower Bound : iiiliieiiahil blake Upper Bound. # 


and 140 for Upper Bound. — 
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8.1.10 Run the Optimization 


[2] Table of Schematic displays the 
values of input/output parameters in each 
evaluation of the output parameters. | 


& Gripper - Workbench 


File View Tools Units Extensions Jobs Help 
JG dd & t (pIPa x | @B2:Optimization x 


P1-¥2(mm) ~ | P2-Y¥3(mm) ~ | P3-¥6(mm) * 


Masamum 
F {mm) (MPa) 
[|] Click Update. See | | en ae xs gS fis a 
9) 5 hilethe program || |= t 39.167 121.67 60.417 51.807 “12.494 12.467 
[ . ] while € program 2 47.5 131.67 | §7.917 50.954 | -21.495 11.458 
Is running. — 3 30.833 111.67 | 61.25 54.037 13.504 13.477 
| 
+ an + + + 4 
ra ar 4 DP | 34.167 138.33 | §9.583 54.929 “11.747 1L.719 
TT ep Sear ies | | 1 | 
] 5 DP | 35.833 125 64.583 50.877 -12.76 12.761 
9 tp Pi-¥2 7] a, - Saco Wiel 2 a = 
6 | DP)| 325 118.33 | $6.25 53.995 ~12. 186 12.133 
[p P2-¥3 v T ] T 
ap | . 7 | DP| 425 105 63.75 , , , 
11 p P3-¥6 ¥ 8 DP | 49.167 115 | 62.083 7 , 7 
i2 Parameter Reladonships 9 DP 37.5 101.67 58.75 , , , 
o 1 | w DP1 | 44.167 135 62.917 , , y 
0 11 MP1 | 40.833 128.33 | §5.417 y , , x4 
< > 


[4] A Progress window reports the | 
status. It takes a while to complete / 
the optimization process. \, 


[3] While the optimization 
is running, click Show 
Progress. <— 


8 
1 | Status : Details 


2 —e re Updating the Mode! component in Statc Structural for Design Point 7 


a i) Hide Progress , 


[5] When the optimization is 
chematic B2: Optimization a completed, click Hide 
= oe | Progress. # 


\ 


: 2 Ei ~ Optimization 
3 & Objectives and Constraints | 
- w Maximize P4 nr Wew 
5 @ P5 >=-i5 MPa W/m 
i + i intuit niaranasener avatar tT 
2 @ P6 <=15MPa WWM ne 
7 | & Domain | 
8 | g Static Structural (A1) 
: iv] A A 
9 | & Pi-y2 | @ \_/V VV Vn | 
10 (p P2-¥3 vw} |’ WwW \ Anas 
11 (p P3 -Y6 iv} v MA OT a 
+ ~ | 4 es \ 
12 Parameter Relationships 
+— + + + 
13 / | Raw Optimization Data | | 
———EE —_—— —_ a — “+ on 
14 AIX Convergence Criteria 


15 a Results 


v |2 Tradeoff 
18 ov NA Samples 
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: | [3] The values of the | 


| | input parameters. | 


Candidate Point 1 
4 | Candidate Point 2 | ek 2.61% Pf 13,539 2.49% Ae 13.484 | 2.59% | 
5 | | Candidate Point 3 S725 | 101.67 | 58.75 | 55.829 . \ % tox Esa | -3.64% F x, 13.643 | 3.80% 
| | | | | | 
[4] Now, we want to copy this design to 2. fe ee er ay ‘a 
the Table of Design Points (8.1 .5[8], i ain alain 1.16). =a phates of GA value 
page 316). Right-click here and select 


see 7.1.1 [1], page 272. \ 


Insert as Design Point = Insert as Custom Candidate Point 
he / *igg «= Export Table Data as CSV 


[5] Click Project to return to 
Project Schematic. # 


8.1.12 Set the Optimal Design as Current Design 


a, 
™ A ( [5] Right-click here and 
: s ecae cee, pie sian 7 ) 
enacts, of Parameter Set. \, Selected Design [4] The Candidate Point : 
: =i Points. \, becomes the current design. <— 
3 @ Geometry Fs ‘ 
4 @ Model JA 
5 n} Setup Av 
6 ME] Solution v 5 C E = G 
7 @ Results v P4-X Axis - a P6 - Maximum 
> 8 [pl Parameters v | P1-¥2 ~ | P2-Y3 ¥ é cefomten (7), Comtined [~j] “Seue® 
|Z Maximum Stress Minimum Maximum 
Static Structural + = 
Units mm mm mm MP3 | MP. 
———<—- 58.024 “13.211 13.144 
) “9 i [ems |? ? E 
| | | 


| 


— 


[2] The Candidate Point I [6] The output 
sa B [3] Right-click here and select (see 8.1.1 1[4], this page) was parameters are 
i Copy inputs to Current. 7 inserted here. <— updated. | 
2 © Optimization ar a 
Direct Optimization \ 
| Vien [7] Click Project to return to 
bee Se | Project Schematic. # 
| 
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8.1.13 View the Current Design 


vw A = 
‘S77 Statc Structural . 


2 @ EngineeringData ~ , 


[1] Double-click 
Geometry. | 


4 ag Model 
5. ya Setup 
6 ws Solution 
7 yp Results o/ 


[4] Double-click 
Model. \, 


> 8 [p2 Parameters “ne i F i i 7 


Static Structural 


[tp Parameter Set " : 50 
L ™~ 4 


B : 
Sea ae a 
aida Close DesignModeler. { le : “ 

2 &® OCptmization ov 4 


Direct Optimization 


etails Vie . ~ 
bai Vien [5] The simulation results 
are also updated. Close 
Mechanical. / 


= Details of Sketch1 
Sketch Sketch! 
Sketch Visibility Show Sketch 


Show Constraints? No 


eT A; Static Structural 
= <= Type Directional Deformation(X Axis) 
a a Unit: mm | 
Global Coordinate System 
H4 35 mm —. oO i — Time: 1 
H5 34mm : 
= es [2] Switch to the 
vio — Sketching mode 57569 
P vit ssmm OQ——— and notice that these 45.114 
vi2 50 mm dimensions have 38.659 
Pv 30mm OO been updated. { 32.204 
P| v8 100 mm O Ke / 25.748 
ys 160 mm 19.293 
12.838 
= a 6.3832 


-0.071831 Min 


[6] Save the project and exit Workbench. # 
‘ DS SSS... 


Reference 
|. Chao-Chieh Lan and Yung-Jen Cheng, 2008, "Distributed Shape Optimization of Compliant Mechanisms Using 


Intrinsic Functions," ASME Journal of Mechanical Design, Vol. | 30, 072304. 
2. All Help>DesignXplorer>ANSYS DesignXplorer User's Guide>Using Goal Driven Optimization 
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Section 8.2 le 


Triangular Plate AY 


j 
__is 


8.2.1 About the Triangular Plate 


[3] One-sixth of 
the model will be 
analyzed due to the 
symmetries. / 


[1] In Section 3.1, we generated a 2D solid model 
and performed a 2D static simulation for the 
triangular plate [2-5] introduced in Section 2.2. 

The plate is made of steel with an allowable 
stress of 100 MPa. According to the simulation 
results in Section 3.1, the initial design gives a 
maximum stress of about 51 MPa (3.1.13[2], page 
|22), well below the allowable stress. That means 
the initial design is over-designed: the material can 
be cut down somehow. In this section, we want to 
redesign the triangular plate to reduce the amount 
of material. 

The design variables (input parameters) are the 
width of the bridges [4] and the radius of the fillets 
[5]. For the width W, the initial design is 30 mm and 
its allowable range is 20-30 mm. For the radius R, 
the initial design is 10 mm and its allowable range is 
5-15 mm. The project unit system used in this 
exercise is tonne-mm-ss. 7 


[4] The initial design 
of the width of the 
bridges is 30 mm. | 


[5] The initial design of the radius 
of the fillets is 10 mm. # 


8.2.2 Resume Project Triplate 


Bie. - ah at me ek ek ee 
[1] Launch Workbench. Open the project Triplate, which was saved in Section i. 


3.1. Select tonne-mmess as the project units and make sure Display values 
in Project Units is selected (see 8.1.2[2-3], page 313). — 
\ 


um | 

[2] In the 2D Symmetric 

Model system, double-click 
Geometry. # 


v A Vv 5 v c v 
1 ye Geometry 1 iw Geometry 1 1 
2 Qi Geometry Y , 2 GD) Geometry Y~ ,— 2 @ EngineeringData Y , 2 
3D Geometry 2D Geometry 3 GD) Geometry 4 4 ty 

4 @ Model 7 y 4 @ Model J 

5 t) Setup / 4 5 t=) Setup ar 

6 Wal Solution 7 z 6 Wa Solution wi 

"2 i) Results fe 7 i) Results oY 4 

2D Full Model 2D Symmetric Model 
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8.2.3 Define Input Parameters in DesignModeler 


\ 


[!] Select Sketch]. In 
Details View of 
Sketch I, select the width 
(30 mm) as an input — oe 
parameter and type the = Details of Sketch’ 
name Width. Your Sketch Sketch! 
dimension names may not ol ar AI inh 
be the same as here. | ae 


Ye H1 300 mm 
/ H2 200 mm 
P H4 30 mm 


[2] Select the radius of 


P RS 10 mm 
the fillet (10 mm) as v3 40 mm 
another input parameter 
and type the name EN 


Radius. Close 
DesignModeler. # 


Thy 


8.2.4 Define Output Parameters in Mechanical 


| 


a aaa [1] Double-click Model of the 
eS cece 2D Symmetric Model Gl Project* c . 
; asta! OT —— system to start up Mechanical Ee [3] Highlight 
[w ae Coordinate Systems Y lei Pp (+) Se Geometry E ival 
+) fais} Symmetry Highlight Geometry. // @- Materials quivalent 
8 Mesh ys Coordinate Systems Stress. / 
4 [+] Symmetry 
+) Gi Named Selections 7. & | PA 
ha . JD Mesh | 
=~ {2 Static Structural (D5) te” && Named Selections 
/£Q Analysis Settings =|) Static Structural (D5) 
JB. Pressure 53) Analysis Settings 
=| J@l Solution (D6) /@. Pressure 
Ad) Solution Information = ve Solution (D6) 
J Tota! Deformation ¥ =a ocimesing 
v otal Deformation 
/S Equivalent Stress Rs 
¥ 
Details of "Geometry" Details of “Equivalent Stress” ~§o0~x 
-| Definition =| Scope 
Source CAUsers\ASUS\Docu. Scoping Method Geometry Selection 
Type DesignModeler ceeaeny chil 
= Definition 
Length Unit Meters . — 
Type Equivalent (von-Mises) Stress 
Element Control Program Controlled 
By Time 
= Behavior Plane Stress Display Time Gack 
Display Style Body Color Calculate Time History Yes 
+) Bounding Box identifier 
- Properties Suppressed No 
Volume 22967 mm f » +) Integration Point Results 
lass 0.18029 kg [4] Select 
Surface Area(approx. 2296.7 mm? Maximum as nee 
ale Factor Value 1 an output 57.164 MPa 


38.605 MPa 
Me es Minimum Occurs On Surface Body 
ecnanical. Maximum Occurs On Surface Body 


Xs 4 * Information 


[2] Select Mass as an 


Output parameter. 7 Ey 
% / 
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8.2.5 Create a Direct Optimization System 


’ D 

[1] While the 2D Symmetric a 
Model system is still highlighted, ee 
double-click to create a Direct By © Coot 7% 
Optimization system. | ay © Mom! “4 
5 @ setup ie 
6 GB Soktion /, 
El Design Exploration 7 @ Results v4 

| 8 (p2 Parameters 


[@ Direct Optimization QO 
§t] Parameters Correlation 2D Symmetric Model 
Response Surface 

@©@ Response Surface Optimization 
@ ROM Builder 

ith| Six Sigma Analysis 


= 


[2] Double-click 
Optimization. # 
Direct Optimization / 


8.2.6 Define and Run the Optimization Problem 


s of Outline A2: Optimization 


~J Preserve Design Points After DX Run | a 

a Objectives and Constraints (©) | | ] In Outline, click = Failed Design Points Management 
, = Domain BS Optimization. \ Siasecleneeilltaiictons 0 
tc OM = coca 
é 6 Pi - Width | #F | Method Selection | Auto = O xi 

—— — | 8 Run Time Index 5 - Medium 2 
7 tp P2 - Radius 9 Estimated Number of Design Points | 33 
8 Parameter Relationships 10 Method Name 7 Adaptive Single-Objective 
fs) Results 1 | Number of Initial Samples 8 

[3] Click Objectives ' 32 |  MaximumNumber of Evaluations | 33 
? and Constraints. | iz | | Convergence Tolerance | 
gh 


[2] By default, Adaptive Single-Objective is used. 


This method supports manufacturable input parameters 
(8.1.7[3], page 318). <— 


[4] Set up objectives and 
constraints like this. | | 


no 


Meese 
sf | ats cvs tod © foe oan | 


P4<= 100 MPa ro - Equivalent Stress Maximum oa No Objectiv 


be of 


Select a Parameter 
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B G 


\ 
Quiline of Schematic E2: Optimization . [5] In Outline, click Pi -Width. q 
“] eabled | Monitoring 


@ P4 <= 100 MPa 
f=] Domain 
es 2D Symmetric Model (D1) 


| (> Pi-width =O | & 


(bp P2-Radius 


Properties of Outline A&: P1 - Width 


} Parameter Relationships - = = =< 
Results = 
: 3 ip Values 
=o 
Table of Outline A8: P1 - Width O 
, x Menufechrable Ve 
| | 3 | Nmbeofiee [2 | 


on Ee 


Leva 2 f [6] In Properties, type 20 (mm) for 
 -= ee [7] In Table of Outline, enter Lower Bound and 30 (mm) for Upper 
Haas | 21; 22, 23, 24, 25, 26, 27, 28, and 29 Bound. Select Manufacturable 

dst for Manufacturable Values. A Values for Allowed Values. <— 


total of || levels are specified. % 
wa eves | Each value must be entered in the 


9 Level 8 box next to New Level. { 
10 Level 9 

ii Level 10 

12 Level 11 30 


Properties of Outline AS: P2 - Radius 


Classification 


5 = Values 
6 Lower Bound 5 O >| 
Table of Outline A9: P2 - Radius 7 Upper Bound 15 O hdl 
es zw Allowed Values 
Manufacturable Values (mm) bd | Number Of Levels 


caved 1 


Level 2 
Level 3 


1 

2 

3 

4 Te. .4}4}dt 
s Tete ie] [10] In Table of Outline, enter 6, 7, 8, 9, 

6 

7 

3 

9 


L7) 'ype 5 (mm) as Lower pouna 
and 15 (mm) as Upper Bound. 
Select Manufacturable Values 
for Allowed Values. <— 


10, 11, 12, 13, and 14 for Manufacturable 
| Malues. A total of || levels are specified. 


evel? [ul Remember that each value must be entered 


in the box next to New Level. \, 


12 q 
10 Level 9 13 | | 
11 Level 10 14 \/ | 
4 
12 Level 11 15 | 


[ll] Click Update. It 

takes a while to 
complete the 

optimization. # 


7 Update 
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8.2.7 View the Optimal Design 


“tine af Schematic E2: Optmizaten 


—& Objectives and Constraints 


we) Minimize P3 


(> P1-Width 


(> P2-Radius 


Parameter Relationships 


11 AS | Raw Optimization Data = 


12 vw NS Convergence Criteria 
13 El Results 


/ 2] Candidate Points O 
15 - ii Tradeoff 
16 Vv NN Samples 


Table of %ptimization , Candidate P 


er navdc 


a 


Candidate Point 


-——) [I] In Outline, click 
bo Candidate Points. — 


Point I has the 
minimal weight. 
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[2] Candidate 


x 85.398 -12.07% 
781 


Hy | hy 


: - a aa 


New wn 
ms | ew CUSIC 0 - 


[3] Right-click here 
and select Insert as 


Design Point. | 
‘, 


Im 


[4] Click Project to 


return to Project 2 © Ortinization 
Schematic. —< Direct Optimization 


& 

£ 

§ 
RIAA] SISTA 
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[5] Double-click 


Parameter Set. J 
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et 
[7] Right-click here and 
select Update Selected 
Design Points. | 


[6] Right-click here and 
select Copy inputs to 
Current. { 


|_3 Project 


e——<— 

[8] Click Project to 

return to Project 
Schematic. \, 


v D 

2 @ Engineering Data A. 
3 Gp Geometry 

4 @ Mock! 

5 @ setup 

6 wl Solution 7 
7 @ Resuts ov 


— > 8 [pd Parameters 


2D Symmetric Model 


__| 


| = 


2 @ Htimzation v 


| r]) Parameter Set 


4 


Direct Optimization 


D: 2D Symmetric Model 
| Equivalent Stress 
ype: Equivalent (von-Mis 
Unit MPa 
Time: 1 


mm 97.118 Max 


me 89.115 
81.113 
73.111 
65.108 
57.106 
49.104 
41.101 
33.099 
25.097 Min 


[9] Double-click 
Geometry. — 


[12] Double-click 
Model. | 


[13] The simulation results 
are also updated. Close 
Mechanical. \, 


able of Design Points 


2 | units | mm | mm | tone 
=O | DP 0 (Current) 13 0.00014833 97.118 
—e 13 7 


# 


| 


[10] Select SketchI. 
Switch to the 
Sketching mode 
and notice that these 
dimensions have been 
updated. /“ 


[11] The new design. 
Close DesignModeler. 1 


Wrap Up 


Workbench. # 
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[14] Save the project and exit 
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Section 8.3 


Review 


8.3.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Design Points 

2. ( _ ) Design Space 

3. (_) Input Parameters and Output Parameters 
4. ( 


) NLPQL 


Answers: 
l(C) 2(B) 3 (A) 4(D) 


List of Descriptions 


(A) Initial values of input parameters, also called design variables, are set up by the user and subsequently updated by 
Workbench. Values of output parameters, also called state variables, are calculated from the simulation applications. 


(B ) The space spanned by the input parameters, or design variables. 


(C) Any points in the design space. In DesignXplorer, they are those with which the simulations have been carried 
out. 


(D) Short for nonlinear programming by quadratic Lagrangian. A method of finding an optimal design. In each 
iteration, it approaches the problem using a quadratic polynomial and finds the optimal design in the subproblem 
described by the quadratic polynomial. The process is repeated until the optimal design is found. The method deals with 
only single-objective problems. 
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Chapter 9 


Meshing 


So far, we haven't discussed much on meshing because, for linear static problems, we usually can obtain solutions which 
are acceptable both in computing time and accuracy with global mesh controls (such as Relevance Center, Relevance, and 
Element Size) and some simple local mesh controls (such as Sizing). For the rest of the book, we will be dealing 
with dynamic and nonlinear problems, of which the solutions are sensitive to meshing quality. With poor mesh quality, a 
simulation may end up with solutions of poor accuracy or even run into convergence problems. Dynamic and nonlinear 
problems require many computational resources, and poor mesh quality may aggravate the situation and result in a 
lengthy computing time. For nonlinear problems, it is possible to reduce the runtime by improving the mesh quality 
(because they converge easier). In contrast, it is possible that a nonlinear solution fails to converge just because of the 
poor mesh quality. 


Purpose of This Chapter 


This chapter introduces meshing methods provided by Workbench and demonstrates how to use them. One of the 
mesh quality metrics, called skewness, is also introduced and used as a measure of mesh quality in this chapter. 


About Each Section 


Using the pneumatic finger example, Section 9.1 provides a step-by-step exercise to introduce some important concepts 
of meshing technologies. Section 9.2 uses a more involved model, the cover of pressure cylinder, to provide more 
exercises on meshing technologies. Section 9.3,a sequel of Section 3.5, studies 3D elements convergence behaviors. We 
postponed the study of 3D elements convergence until now because we need more meshing techniques to control the 
meshing density. 
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Section 9.I 


Pneumatic Fingers*™*" 


9.1.1 About the Pneumatic Fingers 
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A: Static Structutal 
Duwechonel Deformetian 
Type Directionel Deformetion(Y Ans) 


Unit mm 
Global Coordsnate System 
Time 1 


1.1122 Max 
+14036 
-39194 
+64352 
“89511 
11467 
+13 983 
“16499 
19.014 
-21.53 Min 


[1] Simulation of the pneumatic finger was previewed in Section |.1. In this section, we will walk through each step. 
Besides the information in |.1.| (pages 10-11), geometric details are given in the figure below. Due to the symmetry of 
the cross section [2], we model only half of the finger. The mm-kg-N-=s unit system is used in this section. | 


; “| 


Unit: mm. -— 


[2] The plane of 


symmetry. # 


LILILILI~LICLI~CLILIELILILI} LILI ip) ss =] 


| 80 


Sof 


9.1.2 Start Up and Prepare Material Properties 


& Finger - Workbench 


Tools Units Extensions Jobs Help 

A Project 
RIS econnect 2) Refresh Project # Update Project | BE ACT Start Page 
ae | 7 7 


[I] Start a new project § 


and save the project as_ : 
tics PP 
pnse 5 @@ Setup ?. 
— -——- oe 6 @@ Solution : oe 
@ magnetostatic 7 @ Results ? , 
me boda Static Structural 


(i) Modal Acoustics 
(Random vibration 
(9) Response Spectrum 
4 Rigid Dynamics 


LQ Static Acoustics 

[Gd Static Structural ss (J 
€9 Steady-State Thermal 
Thermal-Electric 

&3 Topology Optimization 

@ Transient Structural 
Transient Thermal 

© Turbomachinery Fluid Flow 
f& Component Systems 

& Custom Systems 

Design Exploration 

@ ACT 


Y View All / Customize... 


«) Double-click component to edit. 


9 x ee 


\ 
[3] Double-click 
Engineering Data. _ | 
# 


[2] Double-click to create a 
Static Structural system. 7 


# 


IEW 30b Monitor... i) Show Progress _°) Show 0 Messages 


Le 
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(#) Physical Properties 
©) Linear Elastic 


ial Isotropic Elastiaty O 
$A] Orthotropic Elastiaty 


{J Anisotropic Elastiaty 
| Hyperelastic Experimenta |Data 
Hyperelastic 

f) Chaboche Test Data 
Plasticity 

f Creep 


[5] Double-click to include 
Isotropic Elasticity. — 


a 
[7] Return to Project 
Schematic. # 


Outline of Schematic A2: Engineering Data 


a 


eS a 


= Material 


i—7i eS Structural Steel 


eS) FA Isotropic Elasticity 
3 Derive from 


add a new material. “ 


Young's Modulus and Poisson's Ratio 


Young's Modulus | 2E+06 Pa 
Poisson's Ratio 0.48 
P. 


[4] Type PDMS to 


=] 


y a x 


Fatigue Data at zero mean stress comes 
from 1998 ASME BPV Code, Section 8 


[6] Type 2e6 (Pa) for 
Young's modulus and 0.48 
for Poisson's ratio. \ 


A) 
WAP 


| & Viscoelastc 
a Shape Memory Alloy 6 Bulk Modulus 1,6667E+07 
Damage Shear Modulus ‘| 6.7568E +05 Pa 
9.1.3 Create Geometry —— 


[1] Start up DesignModeler. Select 
Millimeter as the length unit and 
create a geometric model as shown 
in [2-7]. - 

% 


@Seismicisolation 


[2] In XYPlane, draw 
a rectangle like this. | 


Details § 


Details of stele 
a 
Sketch! 

a 
Diwstin (Reese OO 
Sout |e 


View 


ee [3] Extrude to 


create a 3D 
block. a 
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[4] On XYPlane, create a new sketch (Sketch2). 
Draw a rectangle and a vertical line like this. | 


[5] Replicate 13 times, selecting all segments in the sketch except the 
leftmost vertical segment, using the upper-left corner as the paste handle. 
You may need to turn on Selection Filter: Points. | 


x 


= 


3) 
= i 


MI 


CPR 4 


[6] Trim away unwanted 


Details View z segments. | 
(=|| Detaals of Extrude 
‘Enctrude | Extrude? 
Geomety Sketch? O | 
“Operation CutMatenal © | 
Direction Veo tor | None (Normal) | 
‘Dinection Reversed ©) | 
Extent Type Fixed | 
FDI, Depth (0) | 4 mm © | 
As ThinSwface? | No I 
TagetBolies | All Bodies A 


Merge Topology? 
Geometry Selection: 1 


Sieh (Ste 


EI [7] Extrude-cut to create 


air chambers. Close 
DesignModeler. # 
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9.1.4 Assign Material 


| 
WF sexsncard 
2 @ EngineeringData ‘ 
3 Gi Geometry 


= 


Y 4 


[1] Start up Mechanical. 


i hn Select mm-kg-N-s unit 
3 Ra) Setup L 


S «4 system. > 
6 Ga Solution ? a pl“ 
7 @® Results © 4 
Static Structural 
> 


9.1.5 Set Up Environment Conditions 


ia Fixed Support 


Details of "Fixed Support” 


Details of "Frictionless Support” . 


Gecrety Sli 
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[1] Set up a Fixed 
Support on this face. \, 


a Project 
=| [| Model (A4) 
= Geometr ‘ ‘ 
/& “ a [2] Highlight 
+ ya Coordinate Systems Solid. | 
J&B Mesh 


= aE] Static Structural (A5) 
Wai Analysis Settings 
=|-9\ga] Solution (A6) 
“4 §) Solution Information 


Details of “Solid” 


Stiffness Behavion Flesable 
Coondinate System Default Coondinate System 


By nvawren 


[2] Set up a Frictionless 
Support (i.e., plane of 
symmetry) on this face. , | 
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De tails of “Pressure” a , 

=| Scope [3] Apply a pressure of 0.18 MPa on the 
Scoping Mathod | Geomaty Selection inner faces of the air chambers (70 faces 
Geomety | 70 Faces O [BB Pressure: 0.18 MPa in total). To efficiently select the 70 faces, 


you may select all faces (i.e., right-click- 
select Select All) and then deselect 
(using control-click) unwanted faces. / 


——* 


=} ~{4] Static Structural (A5) 

¢N Analysis Settings j 

Ad, Fixed Support [4] The environment 
/®, Frictionless Support conditions should 

. Pressure look like this. # 

=| | Solution (A6) 

gi Solution Information 


| 


@? 4 


9.1.6 Mesh with Default Settings —y 


Display Style Use Geometry Setting 
-| Defaults 
Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 
eb =| Sizing 
Use Adaptive Sizing Yes 
Generate Resolution Default (2) 
Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
initial Size Seed Assembly ns. 
[1] Generate mesh. — Bounding Box Diagonal 80.318 mm 2] Salect 
Average Surface Area =| 29.597 mm? Skewness for 
Minimum Edge Length | 2.0mm F 
=| Quality Mesh Metric. | 
Check Mesh Quality Yes, Errors 


Error Limits Aggressive Mechanical 

Target Quality Default (0.050000) 
Smoothing Medium 
Skewness [3] The default 
Min 3.7913e-002 settings result 
Max 0.97885 in a poor 
atcha = mesh quality 
tandar viation |! 

(see [4]). | 


+) Inflation 
+ Advanced 
| Statistics 
Nodes 1607 
Elements 782 


Skewness|Refs 2, 3] 


[4] Skewness, a measure of mesh quality, can be calculated for each element according to its geometry. Definition of 


skewness can be found in the on-line documentation!®es 2.3], For now, all you need to know is that it is a value ranging 
from 0 to I, the smaller the better, and, as a guideline, element skewness should not be larger than 0.95. # 
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9.1.7 Improve Mesh Quality 


=}| Display 
Display Style 

=|| Defaults 

Physics Preference 


Use Geometry Setting 


Mechanical 


Element Order Program Controlled 


Element Size Default 
=|| Sizing 
Use Adaptive Sizing Yes 


ral: 


Mesh Defeatunng Yes 
Defeature Size Default 

Transition Fast 

Span Angle Center Coarse 

nitial Size Seed Assembly 

Bounding Box Diagonal | 80.318 mm 

Average Surface Area =| 29.597 mm? 

Minimum Edge Length | 20mm 

=| Quality 
Check Mesh Quality Yes, Errors 


Error Limits Aggressive Mechanical 
Default (0.050000) 


Medium 


Target Quality 
Smoothing 
Skewness 
3.7402e-002 
0.97122 
0.61125 
0.20437 


Mesh Metnic 
Min 
Max 
Average 
Standard Deviation 
+ Inflation 
+ Advanced 
=| Statistics 
Nodes 


Elements 


Physics Preference 


Element Order 


Element Size Default 
=| Sizing 
Use Adaptive Sizing Yes 
Mesh Defeatunng Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
nitial Size Seed Assembly 
Bounding Box Diagonal | 80.318 mm 
Average Surface Area | 29.597 mm? 
Minimum Edge Length | 2.0mm 


=| Quality 
Check Mesh Quality Yes, Errors 


Error Limits 


Target Quality Default (0 
Smoothing Medium 
Mesh Metric Skewness 


Min 5.0302e-003 
Max 0.89406 
Average 0.34415 
Standard Deviation §.0.15781 

+ Inflation 

+ Advanced 

- Statistics 
Nodes 
Elements 9081 


[9] A bar chart (see [10], next page) shows the distribution of 


the skewness. We'll use this mesh to obtain a solution. Note 
that the number of nodes here is 16573. a 


Mechanical 


Program Controlled 


Aggressive Mechanical 


— 
050000) 


Generate 


[2, 5, 8] Generate 


[1] Select 4 for 
Resolution. — 


[4] Select 6 for 
Resolution. 7 


[3] The mesh quality is 
still poor. Let's try 
finer mesh. 7 


=|| Display 
Display Style 

=| Defaults 
Physics Preference 


kometry Setting 


Mechanar 


Element Order Program CaNtro 


Element Size Default 
=| Sizing 
iting Use Adaptive Sizing Yes 
Resouton : 
Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
Initial Size Seed Assembly 
‘* Bounding Box Diagonal | 80.318 mm 
Average Surface Area =| 29.597 mm? 
Minimum Edge Length 2.0mm 


=| Quality 


Check Mesh Quality Yes, Errors 


[7] Select 7 for 
Resolution. This is the 
finest mesh we can have by 
adjusting Resolution. 7 


Error Limits 
Target Quality 


Smoothing 


Aggressive Mechanical 
Default (0.050000) 


Medium 


Skewness 


Mesh Metric 


Min 


Max 


Average 


Standard Deviation 


+ Inflation 
+ Advanced 
=) Statistics 
Nodes 


Elements 


[6] In many cases, it is true 
that the finer the mesh, the 
better the quality, but this 
may not always be true 
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[10] With Mesh 
highlighted, a bar 


chart shows the 
distribution of 
skewness. # 


Number of Elements 


Element Metrics 


Detels of "Directional Deformation” 


a 


Scoping Method Geometry Selection 
Geomehy All Bodies 


S| Gl Solution (A6) | Definition 


9.1.8 Set Up Solution Branch 


eS 


4] Solution Information [2] In this study, we focus 
on the Y-directional 


¢"@H Directional Deformation 


By ame deformation. # 
Display Time Last 
Coordinate System Global Coordinate System 
‘ . 
[!] Insert a Directional 
Deformation. — Suppressed No | 
% J 
iE EE 
9.1.9 Obtain a Linear Solution 
Sh + 
B [1] Solve. It takes only a few [2] Select True Scale. | 
seconds to complete the , 
Solve linear solution. — ! 
| a | 1.0 (True Scale) ’ 
Scoped Bodies - 
A: Static Structural 
Directional Deformation “= 
Type: Directional Deformation(Y Axis) 
Unit: mm 
Global Coordinate System 
Time: 1 


1.0271 Max 
-0.73279 
-2.4927 
-4.2526 
-6.0126 
-7.7725 
-9.5324 
“11.292 [3] The maximum vertical deflection is 14.812 mm 


re 77 downward (at the finger tip). This value may not be 
accurate, since we didn't consider nonlinear effect. | 


Obtain a Linear Solution before Nonlinear Simulations 


[4] It is a good practice to make sure a linear solution can be obtained before a nonlinear simulation is performed. A 


linear simulation takes much less computational time than a nonlinear one. Nonlinearity should be considered in this 
case, since the deflection is large. The linear solution, however, provides a way of model checking. # 
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9.1.10 Obtain a Nonlinear Solution 


E-| Project 
=| |g] Model (A4) 
=| Bp Geometry 
- ® Solid 7? 
+) ~. Coordinate Systems A ‘ 
“Mesh [6] Highlight 
=| y{-] Static Structural (A5) Solution 


. ZA Analysis Sett : 
i] Project a Information. | 
vw 

co fs) Model (A4) Je, Frictionless Support  —— 

= Jf Geometry Jh. Pressure 
x ® Solid =|] Solution (A6) 

ce > Coordinate Systems 4g Solution Information (C) 

AfB Mesh a YQ Directional Deformation 
=| y{] Static Structural (A5) 
A Analysis Settings 

vi as 
JB, Fixed Support 
Je, Frictioniess Support 


[1] Highlight Analysis 
Settings. | 


Details of “Solution Infomation” 


=| Solution Information 
Solution Output Displacernent Convergence () pea 


Je. Pressure 
=) y{@] Solution (A6) Tentify Element Violations 
9 Solution Information Update Interval 
£@® Directional Deformation pS 4 
— , ™ [2] Turn on Auto FE Connection Visibility ELUonereeiect 
letails of "Analysis Settings” gf Time Ste ra | aia Visibility | Yes Displacement 
Number OfSteps 1. pping. Display AIFECanecos | Convergence. | 
Cunent Step Numbex rd [eens ‘ J 
te Ss Cooeotn Te 
oii atett. 
Initial Time Step 5.eOQs OC) 
eS ——————$smenes 
Mesarmum Time Step |5.e-O02s O 
=]| Solver Coatrols 
[4] Type 0.05 (s) for Initial Time Step, 
Solver Pivot Checking | Program Contolled 0.01 (s) for Minimum Time Step, and 
——e CO 0.05 (s) for Maximum Time Step. | 
Inertia Relief Off Ne 
(+]| Restart Coatrols a3 
(+]| Moalinear Coatrols 
+]| Output Controls Solve 
=| Analysis Data Management [5] Turn on Large Deflection. The 
| Visibility simulation will include geometric 
nonlinearity. We will explain these he 
—_ —_ settings further in Chapter 13. 7 r \ 


Xe 


[8] Solve the model. It 
takes a while to complete 
the nonlinear solution, 
depending on your 
hardware capability. | 
\ at 


Displacement Convergence 


[9] Each substep of a nonlinear simulation involves an iterative process. Force and displacement values are used as 
convergence criteria. These concepts will be further explained in 13.1.5 (page 473). | 
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[11] Interpretation of these curves 


will be discussed in Chapter 13. | 


—*— Displacement Convergence | / ——-#-——— Displacement Criterion — — - Substep Converged 


0.21966 


Displacement (mm) 
2 a | - 
o io 
wo 
4 
® 
f 


1.7569e-2 


1.0601e-2 


6.3965e-3 


Time (s) 


Cumulative Iteration 


A: Static Structural 
Directional Deformation 

Type: Directional Deformation(Y Axis) 
Unit: mm 

Global Coordinate System 

Time: 1 


[10] The solution 
converges in 25 
iterations. T 


1.0406 Max 
-1.4941 
-4.0289 
-6.5637 
-9.0984 
-11.633 
-14.168 
-16.703 


-21.772 Min 


[12] The maximum vertical deflection is 
21.772 mm downward, much larger than 
the linear solution (9.1.9[3], page 337). 
This justifies the inclusion of Large 
Deflection (9.1.10[5], last page). | 


Element Shapes 


[13] In many cases, nonlinear simulations can be challenging. Meshing quality plays an important role in the 
convergence of nonlinear solution. The mesh metric (e.g., skewness; see 9.1.7[9], page 336) is a measure of mesh 
quality. Skewness often can be improved by refining elements. It sometimes needs a large number of elements to 


achieve a mesh quality that is good enough to make the solution converge. In other cases, it may never achieve an 
acceptable mesh quality by simply refining elements. 

Another factor affecting convergence is the shapes of elements. In general, hexahedra are more efficient than 
tetrahedra (see 9.3.13 and 9.3.14, page 361). In the following exercises, let's try to mesh the model with hexahedra. # 
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9.1.11 Mesh with Hex Dominant Method 


Details of "Hex Dominant Methad” = Met 


FF 


Seope 

| 
~"> ip iy —— — [2] Select the solid 
a body. | 


Method Sizing cae rs 
ees | HexDominent =O »~ 
Element Midside Nodes | Use Global Setting [3] Select Hex 
Free Face Mesh Type | Quad/Ta Dominant for 


‘Contol Messages “Yes, Click To Display... Method | 


*, 
[1] With Mesh highlighted, 
lick Method to insert a aT * 
one [4] It is a warning. Click to read the message. It says 
mesh method. > that this geometry may not be suitable for Hex 
Dominant method. Ignore the message. / 
% 
~ x 
=) Display 
Display Style Use Geometry Setting 
— Defaults 
. Physics Preference Mechanical 
[5] Generate Element Order Program Controlled 
Element Size Default 
Generate mesh. | =| Sizing 
Use Adaptive Sizing Yes 
| Resolution 7 
Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
nitial Size Seed Assembly 
Bounding Box Diagonal | 80.318 mm 
Average Surface Area |: 29.597 mm? 
Minimum Edge Length | 2.0mm 
=|) Quality 
Check Mesh Quality Yes, Errors 
Error Limits Aggressive Mechanical 
Target Quality Default (0.050000) 
Smoothing Medium 
Mesh Metric Skewness 
Min 1.3057e-010 
Max 0.99999 
Average 0.41312 


Standard Deviation 0.30237 


+ Inflation 
+ Advanced 


[6] The mesh quality is ~ =| Statistics 
bad. Let's try other om Sj 
meshing methods. # 


om eee Vid 15 


0.00 0.13 0.25 0.38 


i 
wi 
© 
8 


500.00 


250.00 


Number of Elernents 


0.00 


ral 50 A £2 
Vv. 


Le 
u 
© 
4 
wn 
© 
oo 
Oo 
3 


Element Metrics 
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9.1.12 Mesh with Sweep Method 


? 


[1] Right-click Mesh and select Show/Sweepable Bodies. 
Any "sweepable bodies” would be highlighted. The result shows 


2 Wreid (A4) that, not surprisingly, the body is not sweepable. | 
[+] ta Geometry 
co A Coordinate ems — : 
= 1 
{ty Hex Dominant Method 7 Update 
=|. ¢{E] Static Structural (A5) $ Gesne ioe 


van Analysis Settings 
Ja, Fixed Support 
Je, Frictonless Support a 
th — =f Create Pinch Controls 
=|] Solution (A6) Export... : 
#{ 8] Solution Information 
&% Directional Deformation 


Preview » 


Mappable Faces 


/ | Clear Generated Data 
alb Rename (F2) 


Group All Similar Children 


Start Recording 


Sweepable Bodies 


[2] As mentioned in 5.3.2[2] (page 228), a simple idea for generating hexahedral elements is to mesh a face (or faces) of 
a body with quadrilaterals and then "sweep" along its depth direction to the other end face (or faces) of the body. The 
starting faces are called the source faces and the ending faces are called the target faces. The source or target faces can 
be either manually or automatically selected. 

Not all bodies are sweepable. In our case, there is only one body, and it is not sweepable. 


Mesh with MultiZone Method 


For non-sweepable bodies, Workbench provides a sophisticated method of generating hexahedral elements, called 
MultiZone method. The idea of MultiZone method is to divide a non-sweepable body into several sweepable 
bodies, and then apply Sweep method on each of the bodies. Actually, we already applied this method to mesh the 
beam bracket model in 5.1.1 3[1-5] (page 217). # 


9.1.13 Mesh with MultiZone Method 


i) Project [1] Highlight Hex 
=) [gS] Model (A4) Dominant Method. _ | 
+ Ve) Geometry 
¥ 


ee, 
Lt Jon Coordinate Systems 
=| ARB Mesh 
J Hex Dominant Method 


=)-y{] Static Structural (A5) 

Wa Analysis Settings 

es, Fixed Support 

Je, Frictionless Support 

JF Pressure 

=| ij] Solution (A6) 

44 Solution Information 
{@® Directional Deformation 
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etails of "MultiZone” - Method 


Scoping Method Georretry Selection 
Geomety 1 Body 
Definition 


Sumsed Ne 


0) 


-) 


—— & 


[3] Generate 


— [2] Select Generate mesh. / 
a ee Z 
iabimiaacle —s 
Sutface Mesh Method | Program Controlled ——_________’ 
- 0 x 
ces tte =| Display | 
Sowrce Scopang Method Display Style Use Geometry Setting 
a = Deas 
Physics Preference Mechanical 
Element Order Program Controlled 
Element Size Default 
ieee Z 
=| Sizing 
Use Adaptive Sizing Yes 
Resolution 7 
Mesh Defeatunng Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
Initial Size Seed Assembly 
Bounding Box Diagonal | 80.318 mm 
Average Surface Area =| 29.597 mm? 
Minimum Edge Length | 2.0mm 
=| Quality 
[4] Workbench successfully Check Mesh Quality | Yes, Errors 
meshes the body with Error Limits eeeiea ite Mechanical 
Target Quality Default (0.050000 


hexahedral elements. \, 


Smoothing Medium 


Mesh Metric Skewness 

Min 1.3058e-010 
Max 0.61747 
Average 0.12717 
Standard Dewation 9 0.10271 

+) Inflation 

+) Advanced 

|| Statistics 
Nodes 19201 


Elements 


quality is good. 
We'll use this mesh 
to obtain a solution. 
Note that the 
number of nodes is 
about 19,000. <— 


[6] With Mesh highlighted, a bar 
chart shows the distribution of 
skewness. Note that the mesh 

contains hexahedral elements only. # 


Ww 
~~ 
Cc 
@ 750.00 
qa 
Lu 
we Fy 00 
oO ie al ho 
= 
gv 
2 
E Di tata’a 
ea. Le 
a 
PS 
Aor —- 
s.r 
0.00 0.20 0.30 0.40 0.50 0.62 


Element Metrics 


@Seismicisolation 


Section 9.1 Pneumatic Fingers 343 


9.1.14 Examine Mesh Using Section View 


OO 
fl (Se) imaces* : caf iis 
+ S) image _| [1] With Mesh highlighted, select 
Analysis Cicomment [filSection Plane O Home/Insert/Section Plane in 
— in Chart B® Annotation the toolbar to create a section plane. | 
Insert ge 


[2] Draw a line (it is called a 
section plane) like this. | 


ay a 


a 


[5] Rotate the view to see 
the internal mesh. | 


™ 


[3] A Section Planes 
window on the left-bottom 
lists the section planes 
you've created. <— 


[4] Click Show Whole 
Elements. { 


[7] Click here to close the 
window pane. You may 
reopen this window by 
select Home/Insert/ 

Section Plane again. # 


[6] Click to deactivate 
(uncheck) the section view 
and return to full view. > 
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9.1.15 Obtain a Nonlinear Solution 


f=] Project 
= Model (A4) 
=) Ap Geometry oR 
x @ Solid 


lyst. Coordinate Systems [2] Highlight 
a Y& eWtibes Solution 


Detals of “Analysis Settings” _ Bg Static Structural (A5) Information. LS 
=]| Step Coatrols ¥£.) Analysis Settings 


Numbex Of Steps i, JB, Fixed Support 
/®, Frictionless Support 


Cunent Step Numbex | 1. a I Pressure 


Step End Time l.s = /@| Solution (A6) 
Auto Time Stepping On O) Information 
Define By Time J@® Directional Deformation 
Initial Time Step 5.e-002 s O 
Mininmm Time Step |1e-002s O [1] We're using the 
Masamum Time Step /5.e-O02 s O same analysis 
Fa ecnves Contam settings. > [Solution Output —-SS—*| Displacement Convergence C) 
Solvez Type Program Contolled Newten-Raphson Residuals lo 
een rienee Wentify Hlement Violations [0 
Solvex Pivot Sate! | Paogearn Controlled Update Interval 255 
Leuge Deflection On O Display Points | Al 
Inertia Relief Off =]| FE Coanection Visibility 
(]| Restart Coatrols | Actvate Vasibuhty | Yes 
(+]| Nonlinear Coatsols ' Display | All FE Connectors 
[+]| Output Coateols | Draw Connections Attached To | All Nodes 
[|| Analysis Data Management Line Color | Connection Type 
Visibility Soly Visible on Results No 
ve Line Thickness Single 
eC — OO Display Type Lines 
| 
—~#— Displacement Convergence ——@-—— Displacement Criterion — — - Substep Converged 


1.0373 


0.60898 
0.35753 
0.2099 
0.12323 
7.235e-2 


4.2476e-2 


Dispiacernent (mm) 


th 


4938e-2 


1.4641e-2 


8.5956e-3 


5.0464e-3 


1 [4] In my 
2S computer, the 
= solution 


ar | | converges in 
- 25 iterations. 


a 


Cumulative Iteration 
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A: Static Structural 
Directional Deformation 

Type: Directional Deformation(Y Axis) 
Unit: mm 

Global Coordinate System 

Time: 1 


1.1116 Max 
-1.4041 


[5] The maximum deflection 
is 21.53 mm. | 


-21.53 Min 


Wrap Up 


[6] Save the project and exit Workbench. | 


Remark 


[7] As mentioned in |.1.8[8] (page 19), when assuming a linear material, we are also assuming the compressive behavior 
is the same as tensile behavior, but this is usually not true for an elastomer under such a large deformation. (Note that 
the upper portion of the finger is subject to tension, while the lower portion is subject to compression.) 
Hyperelasticity,a more accurate material model for elastomer under large deformation, will be introduced in PART C 
of Section 14.1 (pages 532-535). # 


References 


This exercise is adapted from an unpublished work led by Prof. Chao-Chieh Lan of the Department of Mechanical 
Engineering, NCKU. 

All Help>Meshing>Meshing User's Guide>Global Mesh Controls>Quality Group>Mesh Metric 

All Help>Mechanical APDL>Theory Reference>|2.1. Element Shape Testing 


@Seismicisolation 


346 Chapter 9 Meshing 


Section 9.2 


Cover of Pressure Cylinder 


9.2.1 About the Cylinder Cover 


[1] In this section, we will use the cylinder cover (Sections 4.2 and 5.2) 
to demonstrate some additional meshing techniques. 

The geometry of the cover is relatively complicated. It seems that a 
tetrahedral mesh is the only feasible method. There is nothing wrong 
with a tetrahedral mesh as long as the mesh quality is good enough. 
Examining the mesh generated in 5.2.5[3-5] (page 221), we see that the 
mesh quality is bad (9.2.3[1-3], next page). The mesh quality needs to be 
improved. The simplest way is to adjust the relevance values. That 


AW 


Fs 
/\ 


UV 


a" 
4 


sometimes works, although increasing the problem size, but sometimes 
fails. For a linear static simulation, problem size seems no big deal, but 
for a nonlinear or dynamic simulation, the problem size should be kept 
as small as possible, to maintain an acceptable computing time. 

Note also that the purpose of this section is to demonstrate 
meshing techniques, rather than finding the best mesh for the cylinder 
cover. # 


9.2.2 Open the Project Cover 
aS 
[2] Double-click Model to 
start up Mechanical. 
Make sure the unit system is 
mm-kg-N-s. # 


Static Structural 


@ EngineeringData Y , 


w Nw SF 


Gy) Geometry “ 4 
+(e Model ar ee 
5 n=) Setup Py 
= |G) Edit in Read-Only Mode... v - 
6 Wa Solution oY 
7 y Results *, |33 Duplicate 1 
Static Structural Transfer Data From New 7 2 4 Engineering D 
Transfer Data To New > 
3 Gi) Geometry 
¥% Update 


Update Upsirene Componente [1] Launch Workbench and hs - 
Clear Generated Data open the project Cover, 3 Ré) Setup Ss 4 
which was saved in Section 5.2. 6 Ge Solution T 4 
— Right-click Model and select 7 | @ Results 2, 
Reset (to delete the 

Properties generated data). _+ Static Structural 

Quick Help ee | 

Add Note 
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9.2.3 Increase Mesh Density Using Global Mesh Controls [| [with a mesh of 
more than 360,000 


nodes, some 


-~Ox 
5 rr elements still have 
=| Defeuks —— [1] Highlight Mesh and bad quality. | 
meets _ eat select 4 for 
Element Size Default Resolution. 


3| Saing Generate the mesh. 


Use Adaptive Sizing Yes 
‘ O This is the mesh used in 
Mesh Defeaturing Yes 
Defeature Size Default 5.2.5[3-5], page 22 | . | 
=. Center — 
nitial Size Seed Assembly 


Bounding Box Diagonal | 94.261 mm 
Average Surface Area «= 454.04 mm? 
Minimum Edge Length | 1.5377 mm 


= Quality 


[2] Select 
Skewness for 


Check Mesh Quality Yes, Errors 
e 
mites Ropenne enn Mesh Metric. | 
e 
Target Quality Default (0.050000 
Smoothing Medium # 


Mesh Metne Skewness O 


Min 8.2755e-005 


0.99479 @ 


Average 0.40785 


[3] Some elements have 


Standard Deviation | 0.19055 


large skewness. / 


+ Inflation 

+ Advanced 

=| Statistics 
Nodes 26371 
Elements 14265 


Display 


=|| Display 


=| Display 


Display Style Use Geometry Setting Display Style Use Geometry Setting Display Style Use Geometry Setting 
=| Defaults =|| Defaults =| Defaults 
Physics Preference Mechanical Physics Preference Mechanical Physics Preference Mechanical 
Element Order Program Controlled Element Order Program Controlled Element Order Program Controlled 
Element Size Default Element Size Default Element Size Default 
=| Sizing =| Sizing = Sizing 
Use Adaptive Sizing ves Use Adaptive Sizing Yes Use Adaptive Sizing Yes 
O fResouton O 
Mesh Defeaturing es Mesh Defeaturing Yes Mesh Defeaturing Yes 
Defeature Size Default Defeature Size Default Defeature Size Default 
Transition Fast Transition Fast Transition Fast 
Span Angle Center Coarse Span Angle Center Coarse Span Angle Center Coarse 
nitial Size Seed Assembly nitial Size Seed Assembly 


nitial Size Seed 


Average Surface Area 


A al eli 
ASSEMODly 


Bounding Box Diagonal | 94.261 mm 


454.04 mm 


Bounding Box Diagonal | 94.261 mm 


Average SurfaceAres 454.04 mm? 


Average Surface Area 


Bounding Box Diagonal | 94.261 mm 


454.04 mm? 


1.5377 mm 


Minimum Edge Length | 1.5377 mm Minimum Edge Length | 1.5377 mm Minimum Edge Length 
=| Quality =|| Quality = Quality 
Check Mesh Quality Ves, Er check Mesh Quality Yes, Errors Check Mesh Quality Yes, Errors 
Error Limits Aggressive Mechanical or Limits Aggressive Mechanical Error Limits Aggressive Mechanical 
Target Quality Default (0.050000 Target Quality Default (0.050000 Target Quality Default (0.050000 
Smoothing Mediu smoothing Medium Smoothing edium 
Mesh Metric Skewness Mesh Metric Skewness Mesh Metric ewnes 
Min 2.9605¢€-003 Min 2.3433e-004 Min 6901e-004 
ax 0.98873 Max 0.99157 Max 97889 O 
Average 0.36489 Average 0.31672 Average 0.31699 
Standard Deviation (0.1755 Standard Deviation (0.1612 Standard Deviation 0.16233 
+ Inflation +)| Inflation +) Inflation 
+ Advanced + Advanced +) Advanced 
~|| Statistics =| Statistics -| Statistics 
Nodes 68759 O Nodes 127652 O Nodes 359978 O 
7 Elements 217744 


f 


Elements 


38761 


[6] In this case, increasing 


[5] Even when the number of 
nodes increases to more than 


100,000, the Max remains high. > 
Me 


[4] As we increase the mesh 
density by setting new relevance 


values, the Max remains high. > 
\ = 


mesh density has little effect 


on Max value. Tf 
Ny / 


Increasing Mesh Density Is Not a Panacea 


[8] The lesson we learned here is that increasing mesh density, although often reducing average skewness, is not a 
universal remedy for eliminating large skewness. We need to learn other meshing techniques. # 
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9.2.4 Mesh with Patch Conforming Method oN 
[5] Highlight Mesh and select 


4 for Resolution and 
generate the mesh. For the 
rest of this section, we always 


Eh use 4 for Resolution. — 
~"> \ 
Method Generate | 
cna, : x 
=| Display 
Display Style Use Geometry Setting 
=|| Defaults 
Physics Preference Mechanical 
[6] Generate Element Order Program Controlled 
[1] With Mesh highlighted, mesh. | ! Glement Size Default 
select Method to insert a % / ba 
mesh metod. | Use Adaptive Sizing Yes 
Cs : ® 
— Mesh Defeaturing Yes 
Defeature Size Default 
Transition Fast 
Span Angle Center Coarse 
initial Size Seed Assembly 
Bounding Box Diagonal | 94.261 mm 
Average Surface Area 454.04 mm? 
[2] Select the Minimum Edge Length | 1.5377 mm 
solid body. | =|| Quality 
Check Mesh Quality Yes, Errors 
Details of "Patch Conforming Method™ -M Error Limits a tun — 
. ——— Target Quality Default (0.050000) 
=| Scope Smoothing Medium 
Mesh Metric Skewness 
1 Bod - Min 
(-]| Definition Max 
[Method = Tetrahedxons [3] Select Standard Deviation 
Algouthm Path Confaming Tetrahedrons. | =| inflation 
Element Midside Nodes | Use Global Setting | Advenced 


=|| Statistics 


Nodes 26371 
Elements 14265 


[7] Ihe mesh is the same as that in ¥.2.3[4] 
(last page). In fact, Patch Conforming 
method is the default mesh method for a 

complicated geometry. | 


[4] Patch Conforming is 
the default Algorithm. /7 


Patch Conforming and Patch Independent Methods 


[8] The faces of a solid body are also called the patches. The basic idea of Patch Conforming is to mesh all the faces 
of the body with triangles and then "grow" inward to create tetrahedra. In this way, the exterior shape of the body (i.e., 
shapes of its faces) is respected (preserved), thus the name Patch Conforming. For complicated geometry, this is 
the default method. 

On the other hand, Patch Independent creates tetrahedra from inside out. The outermost nodes are then 
projected onto the boundary faces and the element edges are created. In this way, the mesh's exterior shape may 
deviate from the original geometry, thus the name Patch Independent. 

In some cases, when too many details exist that cause meshing difficulty, we may resort to Patch Independent 
algorithm and ignore these details. However, it is your responsibility to make sure that ignoring those details wouldn't 
distort the geometry too much. # 
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9.2.5 Mesh with Patch Independent Method 


|| Scope 
| Scoping Method ]Geornetry Selection 
| Geometry 1 Body 
=| Definition 
| Supguessed No 
Method | Tetraheduons 
Algoathm "Patch Independent CO) 
Element Onder Use Global Setting 
(-]| Advanced 
| Defined By | Max Element Size 
Max Element Size | Default 
Featwe Angle 130.0" 
Mesh Based Defeatuing Off 
Refinement Proamity end Cuvatwe 
| Min Size Limit 125 mm Cr) ’) 
Num Cells Across Gap | Default 
Cuvatwe Normel Angle | Default 
Smooth Transition Off 
Guowth Rate | Default 
[Minimum Edge Length 1.537? 1mm 
[Write ICEMCFD Files No 


[3] Since the minimum 
edge length is 
reportedly 1.5377... T 


[2] Select Patch 


Independent. / 


J 


[4] We decide to use 
.5 (mm) for Min 
Size Limit. \, 


y, 


Gf Mesh 


\ 
[1] Highlight Patch 
Conforming 
Method. <— 


% Atm Patch Conforming Method 


Display 
Display Style 
Defaults 
Physics Preference 
Element Order 
Element Size 
Sizing 
Use Adaptive Sizing 
Resolution 
Mesh Defeatunng 
Defeature Size 
Transition 
Span Angle Center 
nitial Size Seed 
Bounding Sox Diagonal 
Average Surface Area 
Minimum Edge Length 
Quality 
Check Mesh Quality 
Error Limits 


Target Quality 


Average 


Standard Deviation 


| 


~ 0 x 


Use Geometry Setting 


Mechanical 


Pp 4 
Program Controlled 


Default 


[5] Generate 
Mesh. It may 


rs take a while. 
94.261 mm The mesh 
454.04 mm? 


quality is okay... 


1.5377 mm 


« Errore 
Y€@S 4 
2, RII 


Aggressive Mechanic 
Default (0.050000 
Medium } 
Skewness 
1.2452e-003 

0.68501 


0.23975 


+ Inflation 
+ Advanced 


-|| Statistics 


Nodes 


Elements 


[6] But the mesh 
size becomes large. 


a 
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Details of "Patch Independent” - Method.) - Quality 
=]| Scope : Check Mesh Quality Yes, Errors 
Soorane Method Geomety Selection % Error Limits ——— 
Target Quality Default (0.050000 
2 a [7] If we uSe a Smoothing Medium 
coarser element Mesh Metric Skewness 
. Min §.2229e-003 
Method Tetrahedsons SIZE... = Sonne O 
Algouthm Patch Independent Average 0.42696 
Element Ondex Use Globel Setang Standard Dewation | 0.19004 
[=]| Advanced + Inflation 
Defined By Max Element Size + Advanced 
Mex Element Size Default ~ Statistics 
Featwe Angle 30.0" Nodes 
Mesh Based Defeatuung = Off 
Refinement Procarmaty and Cwrature 
vaso tint EE 
Num Cells Across Gap 
Cwvatwe Normal Angle | Default 
Smooth Transition [8] The mesh size does 
aa reduce substantially. / 
Minimum Edge Length 
Wate ICEM CFD Files 
wV/> 
ell a PUVA 
CBEERER 
PK eK 
LOKI 
POKYSDAI 
mse 
Pp Waa” 
SPR 
\> 
cS 
VN 


[10] It may worsen 
the mesh quality... | 


Geometry Selection 
1 Body 


- | Quality 


No 
Tetrahedyons 
Patch Independent 
Use Global Setting 


Check Mesh Quality 


[9] If we further 
increase the 
element size... > 


Element Midside Nodes 


Max Element Size 


Defined By 


Max Elernent Size Default 

Featwe Angle 30.0° 
Nek Bond Deintaing [Of 
Refinement fs 


Minimum Edge Length 
Wate ICEM CFD Files No 


[| 1] And may generate 
a distorted "patch," 
not conforming to the 
geometry (i.e., "patch" 
is independent of the 
geometry). # 
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9.2.6 Mesh with Hex Dominant Method 


Details of “Hex Dorninant Method =) Ej Ath Mesh i 
: a [|] Highlight Patch 
Independent. <— 
ew 
P 
A 
" 


[2] Select Hex 
Dominant method. | 


i“ 


Free Face Mesh Type | Quad/Tu 
Cantal Messages Yes, Click To Display... 


f= Ar 2 
Senerate 


[3] Ignore the warning. The warning says 
that Hex Dominant method for this case, [4] Generate Mesh. 
where the ratio of volume to surface area is It may take a while. 

low, may result in poor mesh quality. > N 7 


[6] But the quality is 


poor... | 


=|, Quality 
Check Mesh Quality Yes, Errors 
Error Limits Aggressive Mechani 
Target Quality Default (0.050000) 
Smoothing Medium 
[5] The mesh appears Mesh Metric Skewness 
to be fine... sly Min 1.3057e-010 
Max 1 
Average 0.51442 
Standard Deviation (0.30344 
+) Inflation 


Advanced 
Statistics 
Nodes 39857 


Elements 


+ 


[7] And the mesh 
count is high. | 


Hex Dominant Method 


[8] An idea of Hex Dominant is to mesh the body with Patch Conforming first and then combine tetrahedra to 
form hexahedra: two tetrahedra form a hexahedron. It usually leaves some tetrahedra that cannot be combined to 
form hexahedra, thus the name Hex Dominant. After forming hexahedra, the algorithm tries to adjust the nodes to 
improve the mesh quality further. 

Note that, Hex Dominant method, by its nature, is a method of patch conforming; that is, the faces are not 
distorted. In fact, all methods except Patch Independent are patch conforming. # 
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9.2.7 Mesh with MultiZone Method 


% 
Details of "MultiZone" - Method 0 EB Mesh [1] Highlight Hex 
=) Scope A@ Dominant Method. — 
Scoping Method Geometry Selection 
Geometry 1 Body # 
(=| Definition ee 


No 
Method MultiZone 
| Mapped Mesh Type | Hexa 

Surface Mesh Method | Program Contuolled 


[2] Select MultiZone 
method. > 


lg 


[3] Generate Mesh. 
It may take a while. / 


6B 


Free Mesh Type Hexa Dominant O Generate 


| Element Midside Nodes | Use Global Setting 


Sxc/Tig Selection Automatic | 


[Source Scoping Method | Progen Coatolled 


Sowce 


Sweep Size Behavior 


Sweep Element Size 
(=]| Advanced 
Preserve Bowndenes Protected ae 
a ie 
Mesh Based Defeatuzing | Off pte 


$ 


¢ 
Ky 


| Minimum Edge Length | 1.5377 mm 
Wate ICEM CFD Files | No 


® 


++ 
+ 


+ *, 
AY 


x 
ay 
oS 


x 
s 


- Quality 

Check Mesh Quality Yes, Errors 

‘Error Limits Aggressive Mechanical [4] The mesh appears 
Target Quality Default (0.050000 perfect... \ 

Smoothing Medium 

Mesh Metric Skewness 

J Min 1.3058e-010 
Max 1 
Average 0.52958 


Standard Deviation (0.25395 


Number of Elements 
om 


: : [5] But the quality is actually 
200 | | not good. Some internal 
ag Nee — = = elements have poor quality. | 


Element Metrics 


Multi Zone Method 


[6] As mentioned, the idea of MultiZone method is to decompose a non-sweepable body into several sweepable 
bodies, and then apply Sweep method on each body. The selection of source faces can be automatic or manual. In 
this case, you may try to select source faces manually. 

Workbench is often smart enough to decompose the body into sweepable bodies. But, since these bodies are an 
integral part, the boundaries between the decomposed bodies must be conformal (i.e, the boundaries must have the 
same surface mesh); these constraints may complicate the meshing task. | 


Wrap Up 
[7] Save the project and exit Workbench. # 
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Section 9.3 


Tip Deflection (mm) 


Convergence Study of 3D Solid 


Elements = 


[4] Lower-order hexahedron. # 


[3] Lower-order parallel prism. 


| 
| [2] Lower-order perpendicular prism. | 


[|] Lower-order tetrahedron. 


$000 10000 15000 20000 25000 
Number of Nodes 


The main purpose of this section is to study 3D solid elements convergence behavior. A secondary purpose is to serve 
as an exercise for mesh controls techniques. A cantilever beam of rectangular cross section is used for these purposes. 


The conclusions drawn from the convergence study are crucial for CAE engineers. 


sequel of PART C of Section 3.5 (pages 161-163). 


9.3.1 About the Cantilever Beam 


This section can be viewed as a 


[1] The cantilever beam is made of steel and of size 100 mm x 10 mm x 10 mm;a uniform load of | MPa is applied on 
the upper face of the beam [2-4]. Convergence of three solid element shapes will be compared, namely hexahedron, 


prism, and tetrahedron (1.3.3[2-3, 5], page 38). \, 


[3] The width of the beam 
is 10 mm. A uniform load 
of | MPa is applied on the 


upper face of the beam. — [2] The beam is 


made of steel. <— 


100 mm 


[4] We will explore 
the vertical deflection 
at tip. # 


Sn 
9.3.2 Start Up a New Project 


2 @ EngineeringData ~ , 


3 Ww Geometry T 2 


[1] LaunchWorkbench. Createa Static uL - 
Structural system. Save the project as 5 sew = - 
Cantilever. Start up DesignModeler. Select tian a 
Millimeter as the length unit. # 6 Wa Solution tT 2 
Ne 7 yp Results T « 
Static Structural 
| oe 


@Seismicisolation 


354 Chapter 9 Meshing 


9.3.3 Create a 3D Model in DesignModeler 


eee 
[1] On XYPlane, create a rectangle [2]. ee 100 — 


Extrude the sketch to create a 3D model [3]. 


Close DesignModeler. — 
% 


[2] Create a rectangle like 
this on XYPlane. | 


00. 


[3] Extrude 10 mm 
to create a 3D 
model. # 


9.3.4 Set Up Support, Load, and Solution Objects 


TH Start up Mechanical and select the mm-kg-N-s —ees a 
unit system. Specify a Fixed Support on the left face [2]. 

Apply a pressure of | MPa on the upper face [3]. Insert a 
Directional Deformation under the solution branch 


and select Y Axis for Orientation [4]. / 
% 


Geometry Selection 


[4] Insert a Directional 
Deformation and select ¥ 
Axis for Orientation. # 


| ee: 


——— A: Static Structural [3] Apply 2 pressure of 
fr , Static Structural | MPa on this face. > 
[2] Specify 2a Time: 1. s 


fixed support 


on this face. > 
My 


[iy Pressure: 1. MPa 
|B) Fixed Support 
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FO ay 
[|] For a model of such a regular geometry, the default 


mesh control settings will generate an all-hexahedra 
mesh of higher-order elements [2]. To generate lower- 
order hexahedra, select Linear for Element Order 
[3]. For each run, change the element size [4]. Resulting 
tip deflections are recorded in the table below. The 
convergence curve is shown in [5]. > 


Element | Number | Tip Deflection 
Size (mm) | of Nodes (mm) 
5 | 189 | 0.74571 
4 0.74693 
3 875 0.74850 
2 | 1836 | 0.74980 
5 0.75048 
13 0.75072 
12 0.75086 
| 0.75106 
0.9 0.75120 
0.8 24696 0.75129 
L , 


[5] Convergence curve 
for lower-order 
hexahedra. # 


0.752 
0.751 
0.750 
0.749 
0.748 


0.747 


Tip Deflection (mm) 


0.746 


0.745 
0 5000 10000 15000 


Number of Nodes 


20000 
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[2] The default mesh 
settings will generate an 
all-hexahedra mesh of 
higher-order elements. | 


[3] Select Linear for Element 
Order. | 


cms 


Use Geometry a 


-| Display 
Display Style 

-) Defaults 
Physics Preference Mechanical 


ing 


Element Order Linear 
+) Sizing 
Quality 


+ 
+) Inflation 
+ 


oO O——= 


Advanced 


| Statistics 
Nodes 189 € 
Elements | 80 


[4] Change 
Element Size 
for each run. <— 

\ y 


25000 
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9.3.6 Lower-Order Tetrahedra 


(ry Highlight Mesh in the project tree and click 
Method to insert a mesh control method. Select 
Tetrahedrons method [2]. Now, change element size 
for each run [3]. Resulting tip deflections are recorded 
in the table below. The convergence curve is shown in 
[4]. - 


Element | Number | Tip Deflection 
Size (mm) | of Nodes (mm) 
5 | tol | 029182 
4 0.50308 
2.5 0.53437 
2 520 0.58585 
15 743 0.58876 
1.2 0.64860 
| 0.65522 
0.8 0.67128 
0.7 0.68313 
0.6 0.68960 
0.55 0.69452 
0.5 7916 0.69807 


[4] Convergence curve for 
lower-order tetrahedra. # 


0.75 


0.67 


0.58 


0.50 


0.42 


Tip Deflection (mm) 


0.33 


0.25 
0 2000 4000 6000 


Number of Nodes 
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[2] Select Tetrahedrons 
method. | 


\ 


Details of "Patch Conforming Metho: ae 


Element Midade Nodes 


Display 


Display Style 


Defaults 


Physics Preference 
Element Order 


Element Size 


Sizing 
Quality 
Inflation 
Advanced 
Statistics 
Nodes 


Elements 


Use Geometry Setting 


Mechanical 
Linear O 


5.0mm 


202 


[3] Change 
Element Size for 
each run. <— 


S iF 
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9.3.7, Lower-Order Prisms (Parallel to Loading Direction) 
7 Highlight Patch Conforming Method. In the ' 

details view, change to Sweep method [2]. Set up the 

source face [3-4]. For each run, change both sweep ( ‘ 
element size [5] and global element size [6]. Resulting tip [2] Change to 


deflections are recorded in the table below. The . — a ——— Sweep method. | 
convergence curve is shown in [7]. Gacmnehy 1 Body ral 
Note that the prisms are oriented such that their =|| Definition 
: ‘ F ‘ ‘ Suppressed No 
heights are parallel to the loading (bending) direction. We ae aT 
will refer to the elements oriented in this way as "parallel Algorithm Program Controlled 31 Sel 
prisms" for the rest of this section. We will show in 9.3.8 Sore een = —s Dhaene 
(next page) that the convergence curve will be different if canes came Source. | 
the prisms are oriented differently. > Target Program Controlled 
Free Face Mesh Type All Tri 
Type Element Size O 
Element | Number | Tip Deflection ME Sweep Element Size EXIM 
Size (mm) of Nodes . (mm) Element Option Solid [4] Select the 
=|) Advanced top face and 
5 | 186 0.65779 Sweep Bias Type No Bias click Apply. i, 
— Z 
4 324 0.69584 2 af 
3 875 0.71844 [5] Change Sweep Element 
Size for each run. | 
2.4 1326 0.72969 


2112 0.73344 

1.5 4864 0.74156 
1.2 9300 0.74510 
| 13288 0.7467 | 


NI 


[7] Convergence curve for 
lower-order parallel prisms. # 


-| Display 


0.75 Display Style Use Geometry Setting 
=) Defaults 
Physics Preference | Mechanical 
Element Order Linear O 
e 0.72 Mi Element Size | 5.0 mm 
= +) Sizing 
c +) Quality 
Ao) +) Inflation 
o 0.70 + Advanced 
= -| Statistics 
QO Nodes 186 O 
2. Elements 
EF 0.67 
ad 
0.64 [6] Also change Element 


Size (using the same value as 


0 3000 6000 7000 12000 15000 that in [5]) for each run. < 
\ 


Number of Nodes 
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9.3.8 Lower-Order Prisms (Perpendicular to Loading Direction) 


[1] In the details view of Sweep Method, re-select the 
source face [2]. For each run, change both sweep element 
size [3] and global element size [4]. Resulting tip 
deflections are recorded in the table below. The 
convergence curve is shown in [5]. 

Note that the prisms are oriented such that their 
heights are perpendicular to the loading (bending) direction. 
We will refer to the elements oriented in this way as 
“perpendicular prisms" for the rest of this section. > 


Element | Number Tip 
Size of Deflection 
(mm) | Nodes (mm) 
5 | 186 | 0.45546 
4 324 | 0.47229 
3 875 0.65078 
2.4 0.65622 
2 0.70027 
5 0.72260 
1.2 | 9300 | 0.73279 
| 13288 | 0.73582 


[5] Convergence curve for lower- 
order perpendicular prisms. # 


0.75 
0.70 
0.65 
0.60 


0.55 


Tip Deflection (mm) 


0.50 


045 * 
0 3000 


6000 


Number of Nodes 


9000 |2000 


| te 


ope 


Scoping Method 


Fhrt~‘iOSONONONOTT.LC.CN 


[2] Re-select a 
side face and click 


Geometry Selection 


Geometry 1 Body 
=| Definition Apply. | 
Suppressed No x av 
Method Sweep 
Algorithm Program Controlled 
Element Order Use Global Setting 
Sre/Trg Selection Manual Source 
Source 1 Face O 
Target Program Controlled 
Free Face Mesh Type All Tri 
Type Element Size 
Element Option Solid 
=| Advanced 
Sweep Bias Type No Bias 
ne. 


15000 
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[3] Change Sweep 
Element Size for 
each run. | 


Details of “Mesh” 9 


Display 
Display Style 
Defaults 
Physics Preference | Mechanical 


Use Geometry Setting 


Linear 


O 
5.0 mm i 


186 O 


Element Order 
Element Size 

Sizing 

Quality 

Inflation 

Advanced 

Statistics 
Nodes 


Elements 156 


[4] Also change Element 
Size (using the same value as 


that in [3]) for each run. — 
Ns y, 
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9.3.9 Higher-Order Hexahedra 


- Display 7 


i ‘ 
[1] Delete Sweep Method. Repeat all the Display Style Use Geometry Setting 
-|| Defaults 


steps in 9.3.5 (page 355), using quadratic 


Physics Preference | Mechanical 


elements [2] and change the element sizes as [Element Order | Quadratic 4 
Negi WIG \ oe 
shown below. — 
| 
\ 


[2] select Wuaaratic for | 


Element | Number | Tip Deflection 
(mm) [3] Convergence curve for 
higher-order hexahedra. # 


Element Order. <— 
K A 


0.74899 
0.7501 | 
0.7507] é 
0.75108 = 
Cc 
i 
0.75136 g 
0.75145 8 
2 


0.748 


0 5000 10000 = 15000 20000 25000 


Number of Nodes 


9.3.10 Higher-Order Tetrahedra 


/ 

[1] Repeat all the steps in 9.3.6 (page 356), 
using quadratic elements (9.3.9[2], this page) 
and change the element sizes as shown below. 


= 
, [2] Convergence curve for 
Element | Number | Tip Deflection higher-order tetrahedra. # 
Size (mm) | of Nodes (mm) 
5 493 0.74546 0.752 
4 0.74897 _ 
3 1371 0.74977 3 aye 
= 
2.5 1883 0.75016 7 
6 0.749 
2 2880 0.75055 Fy 
1.5 4127 0.75106 o 0.748 
1.2 9 7511 a 0, 
0.75110 2 0.747 
16102 75142 
0.7 24607 0.75151 0 5000 10000 15000 20000 25000 
N Number of Nodes 
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9.3.11 Higher-Order Parallel Prisms 


yi 
[|] Repeat all the steps in 9.3.7 (page 357), 
using quadratic elements (9.3.9[2], last page) 


and change the element sizes as shown [2] Convergence curve for 
below. > higher-order parallel prisms. # 
Element | Number | Tip Deflection 0.752 
Size of Nodes (mm) 
(mm) 
5 727 0.74815 & 0751 
4 | 1303 | 0.74958 5 
3.3 2803 0.75038 E 0.750 
3 | 3805 0.75049 ‘a 
iF 0.749 
2.4 5827 0.75084 - 
2 | 9530 | 0.75096 
0.748 
1.8 [2779 0.75113 
12779 0 10000 20000 30000 
1.6 18902 0.75126 dnnaberet Nodes 
1.4 27529 0.75137 
\ / 


9.3.12 Higher-Order Perpendicular Prisms 


i ]—Oonws0_—"wo® 

[1] Repeat all the steps in 9.3.8 (page 358), 
using quadratic elements (9.3.9[2], last page) 
and change the element sizes as shown 


below. — 
[2] Convergence curve for higher- 


Element | Number | Tip Deflection order perpendicular prisms. # 


Size | of Nodes (mm) 
(mm) 0.752 
5 727 0.74767 
— 0751 
4 | 1303 0.74914 
33 2803 0.75001 £ 
| 2803 = ors 
3 | 3805 0.75018 5 
24 | 5827 | 0.75062 = 0.749 
i ee 
Q. 
: F 0.748 
18 12779 0.75100 : 
6 18902 | 0.75115 oe 
4. | 97873 EE 0 10000 20000 30000 


" Number of Nodes 
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9.3.13 Comparison: Lower-Order Elements 


[1] The chart below is made by a collection of the convergence curves in 9.3.5 to 9.3.8 (pages 355-358) to compare 
the convergence behaviors of the lower-order elements. The order of the convergence speed is, from fast to slow, 
hexahedron, parallel prism, perpendicular prism, and tetrahedron. The differences among them are obvious. The lower- 
order tetrahedron converges so poorly that it is not practically useful. As a guideline, NEVER use lower-order 


tetrahedral elements. | 


[5] Lower-order hexahedron. # 


€ 
£ 
< 0.6 ; 
ie) [4] Lower-order parallel prism. 7 
o 
© 05 
= [3] Lower-order perpendicular prism. 7 
if 

0.4 

[2] Lower-order tetrahedron. 7 
0.3 


0 5000 10000 15000 20000 25000 


Number of Nodes 


9.3.14 Comparison: Higher-Order Elements 


[|] The chart below is made from a collection of the convergence curves in 9.3.9 to 9.3.12 (pages 359-360) to compare 
the convergence behaviors of the higher-order elements. The differences among them are not obvious but still 


distinguishable. In contrast to the lower-order tetrahedron, the higher-order tetrahedron is still practically useful as 
long as the mesh is fine enough. | 


0.752 
SS 

0.751 
- [5] Higher-order hexahedron. # 
€ 0.750 
£ 
6 0.749 [4] Higher-order parallel prism. 
o 
wv 
8 ew [3] Higher-order perpendicular prism. 1 
i- 0.747 

2] Higher-order tetrahedron. 
0.746 Zr ! 
0.745 


0 5000 10000 15000 20000 25000 30000 


Number of Nodes 
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9.3.15 Comparison: Hexahedra 


[1] The chart below is made by a collection of the convergence curves in 9.3.5 (page 355) and 9.3.9 (page 359) to 
compare the convergence behaviors between the lower- and higher-order hexahedra. It is obvious that the higher- 


order hexahedral element is better than the lower-order hexahedral, but the difference is not so dramatic as the 
tetrahedral element (see 9.3.16, this page). | 


[3] Higher-order 
hexahedron. # 


[2] Lower-order 
hexahedron. 7 


Tip Deflection (mm) 


0 5000 10000 15000 20000 25000 


Number of Nodes 


9.3.16 Comparison: Tetrahedra 


[1] The chart below is made from a collection of the convergence curves in 9.3.6 (page 356) and 9.3.10 (page 359) to 
compare the convergence behaviors between the lower- and higher-order tetrahedra. It is obvious that higher-order 
element is much better than the lower-order one. Remember: NEVER use lower-order tetrahedral elements. | 


0.8 

0.7 
= [3] Higher-order 
€ tetrahedron. # 
< 0.6 
Q 
8 2 d 
= [2] Lower-order 
O 0.5 tetrahedron. 7 
2. 
_ 

0.4 

0.3 

0 5000 10000 15000 20000 25000 


Number of Nodes 
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9.3.17 Comparison: Parallel Prisms 


[1] The chart below is made by a collection of the convergence curves in 9.3.7 (page 357) and 9.3.11 (page 360) to 
compare the convergence behaviors between the lower- and higher-order parallel prisms. It is obvious that higher- 


order element is much better than the lower-order one. Like lower-order tetrahedral, lower-order prismatic elements 
are not recommended. | 


0.76 
0.74 


0.72 [3] Higher-order 


parallel prism. # 
0.70 


[2] Lower-order 
parallel prism. — 


0.68 


Tip Deflection (mm) 


0.66 


0.64 
0 5000 10000 15000 20000 25000 30000 


Number of Nodes 


9.3.18 Comparison: Perpendicular Prisms 


[1] The chart below is made by a collection of the convergence curves in 9.3.8 (page 358) and 9.3.12 (page 360) to 
compare the convergence behaviors between the lower- and higher-order perpendicular prisms. It is obvious that the 
higher-order element is much better than the lower-order one. Like lower-order tetrahedral, lower-order prismatic 
elements are not recommended. | 


0.76 
0.72 
0.68 


0.64 [3] Higher-order 
perpendicular prism. # 


pa [2] Lower-order 
0.56 perpendicular prism. > 


0.52 
0.48 
0.44 


Tip Deflection (mm) 


0 5000 10000 15000 20000 25000 30000 


Number of Nodes 
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9.3.19 Summary and Guidelines 


Summary and Guidelines 


[1] Combining the observations in Section 3.5 and this section, we may summarize the conclusions as follows: (a) 
Never use lower-order tetrahedra or triangles. (b) Higher-order tetrahedra or triangles are as good as other elements 
as long as the mesh is fine enough. In cases of coarse mesh, however, they perform poorly and are not recommended. 
(c) Lower-order prisms are not recommended. (d) Lower-order hexahedra and quadrilaterals can be used, but they are 
not as efficient as their higher-order counterparts. (e) Higher-order hexahedra, parallel-prisms, and quadrilaterals are 
among the most efficient elements we have discussed so far. Mesh your models with these elements whenever 
possible. If that is not possible, then at least try to achieve a higher-order hexahedra-dominant or quadrilateral- 
dominant mesh. | 


Remark: CPU Time 


[2] In Section 3.5 and this section, comparisons among elements are made under the same number of nodes. More 
reasonable comparisons should be made under the same CPU time. For a simulation task, the CPU time consists of 
three parts. First, the time required to establish Eq. |.3.1(1) (page 35). It may involve numerical integrations for each 
element. This part of CPU time depends on the total number of elements as well as the number of integration points 
of each element. Second, the time required to solve the equation. This part of CPU time is determined solely by the 
number of degrees of freedom, which is in turn determined by the number of nodes and the dimensionality (2D or 3D). 
Third, the others (housekeeping, overhead, etc). 

For small problems, the overall CPU time is dominated by the third part. That is why we didn't use CPU time for 
comparison, since all cases are small when coarsely meshed. For large problems, the third part is negligible and the 
CPU time is essentially the sum of the first two parts. 

Therefore, strictly speaking, our comparison was not perfectly accurate. Nevertheless, the discussions and 
conclusions in this section pretty much reflect the reality. These guidelines should be useful. | 


Wrap Up 


[3] Save the project and exit Workbench. # 
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Section 9.4 


Review 


9.4.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. (  ) Convergence Criteria 6. ( _ ) Patch Conforming Method 
2. ( _ ) Displacement Convergence Criterion 7. (_ ) Patch Independent Method 
3. (  ) Force Convergence Criterion 8. ( _ ) Perpendicular Prisms 

4. (_ ) Hex Dominant Method 9. ( — ) Skewness 

5. (_ ) Parallel Prisms 10.( —) Sweep Thin Method 
Answers: 


L(B) 2(C)3(D) 4(H) 5 (I) 6&(F) 2(G) 8&(J ) 9% (A) I10(E ) 


List of Descriptions 


(A) A measure of mesh quality, calculated for each element according to its geometry. Its value ranges from 0 to I, 
the smaller the better. Elements of skewness of more than 0.95 are considered unacceptable. 


(B ) Innonlinear simulation, the loading is divided into substeps and applied substep by substep. By default, a substep is 
said to be complete when both displacement convergence criterion and force convergence criterion are met during the 
iterations. 


(C) During the iterations of a substep of a nonlinear simulation, the displacement convergence criterion is met when 
the increment of displacement is less than a criterion, which is, by default, 0.5% of maximum displacement. 


(D) During the iterations of a substep of a nonlinear simulation, the force convergence criterion is met when the 
unbalanced force is less than a criterion, which is, by default, 0.5% of applied force. 


(E ) Sweep mesh control method can be classified into Sweep and Sweep Thin. Sweep allows a more complex 


sweeping path while Sweep Thin allows only a simple sweeping path. The advantage of Sweep Thin is that it allows 
multiple faces as source or target while Sweep allows only one face for both source and target. 
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(F ) A mesh control method. It meshes all the faces of the body with triangles; the triangles then "grow" inward to 
create tetrahedra. In this way, the shapes of the faces are respected (preserved). 


(G) Amesh control method. It creates tetrahedra from inside out. The outermost nodes are then projected onto the 
boundary faces and the element edges are created. In this way, the mesh's outline may be different from the original 
geometry. 


(H) A mesh control method. It meshes a body with Patch Conforming method first and then combines tetrahedra to 
form hexahedra. It usually leaves some tetrahedra that cannot be combined to form hexahedra. 


(1 ) When a body is meshed with prismatic elements and the prisms are oriented such that their heights are parallel 
to the bending direction, the prismatic elements oriented in this way are referred to as parallel prisms. (Note: this term 
is used only in this book.) 


(J) ) When a body is meshed with prismatic elements and the prisms are oriented such that their heights are 
perpendicular to the bending direction, the prismatic elements oriented in this way are referred to as perpendicular 
prisms. (Note: this term is used only in this book.) 


9.4.2 Additional Workbench Exercises 


Convergence Study for Higher-Order 2D Elements 


In Section 9.3, we study the convergence of 3D elements, both higher-order and lower-order elements. In Section 3.5, 
we study the convergence of 2D elements only for the lower-order elements. We haven't studied the higher-order 2D 
elements yet. Conduct a study of the higher-order 2D elements. 


@Seismicisolation 


Chapter 10 Buckling and Stress Stiffening 367 


Chapter 10 
Buckling and Stress Stiffening 


Functionality, safety, and reliability are the main purposes of structural simulations. Stresses usually relate to safety and 
reliability. In the 3D truss example (Section 7.2), calculated stresses are well below the material's yield strength 
(7.2.12[4], page 292). Can we conclude that the design is safe? Not yet. For any structural members (particularly 
slender or thin members) subject to compressive stresses, we need to check their stability before concluding their safety. 
This chapter mainly discusses stability analysis, or buckling analysis. 

Buckling can be viewed as an ultimate case of a more general effect, called stress stiffening: a structure member's 
bending stiffness increases with increasing axial tensile stress, and, on the other hand, the member's bending stiffness 
decreases with the increasing compressive stress. Buckling occurs when the compressive stress reaches a level such that 
the bending stiffness reduces to zero; in that situation, the applying load is called a buckling load and the corresponding 
deforming shape is called a buckling mode. The purpose of buckling analyses is to find the buckling loads and the 
corresponding buckling mode. 


Purpose of This Chapter 


The main purpose of this chapter is to introduce linear buckling analysis (also known as eigenvalue buckling analysis). Since 
buckling can be viewed as an ultimate case of stress stiffening, the discussion will start with a thorough understanding of 
stress stiffening. As usual, the concepts are introduced using step-by-step exercises. 


About Each Section 


Section 10.1 introduces the stress stiffening effects, using a simply supported beam as an example. The results of these 
nonlinear analyses can be used to predict the buckling load using an extrapolation method; this procedure is called a 
nonlinear buckling analysis. A linear buckling analysis is then carried out to find the buckling loads and buckling modes. 
Compared with nonlinear buckling analyses, linear buckling analysis tends to overestimate the buckling load. 

Section 10.2 performs a linear buckling analysis on the 3D truss structure introduced in Section 7.2. Section 10.3 
carries out a linear buckling analysis on the beam bracket which has been discussed in Sections 4.1, 5.1, and 6.2. 
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Section 10.! J 


Stress Stiffening 


Maximum Deflection (mm) 


-500 -250 0 250 500 750 1000 
Axial Force (N) 


This section introduces stress stiffening effect, which is closely related to buckling. Stress stiffening effect is often observed 
in slender or thin structural members, such as cables, shells, columns, walls, towers, trusses, etc. In a slender structural 
member, such as a column, the bending stiffness is affected by its axial stress. In a thin structure member, such as a wall, 
the bending stiffness is affected by its in-plane stress. More specifically, when subject to axial (or in-plane) tension, the 
bending stiffness tends to increase, while when subject to axial (or in-plane) compression, the bending stiffness tends to 
decrease. 

In this section, we will use a simply supported slender beam to demonstrate the stress stiffening effects. 


10.1.1 About the Simply Supported Beam 


[1] Consider a simply supported beam shown below [2-4]. The beam is made of steel and has a uniform cross section 
of 10 mm x 10 mm [2]. A uniformly distributed load of 0.1 N/mm is applied downward on the beam [3]. An axial force 
is applied at the beam's end which is free to move horizontally [4]. 

The vertical load, which causes bending, is a constant 0.1 N/mm, while the horizontal force P will change from -500 
N to 1000 N. Note that the negative P produces a compressive axial stress and the positive P produces a tensile axial 
stress. We will examine the maximum vertical deflection occurring at the middle of the span. 

Let 6, be the beam's middle-span deflection when P = 0. Then, when the beam is subject to a positive P, we will 
obtain a deflection less than 6,. We can then conclude that the bending stiffness increases with the increasing tensile 
axial stress. On the other hand, when the beam is subject to a negative (compressive) P, we will obtain a deflection 
larger than 6,. We can then conclude that the bending stiffness decreases with the increasing compressive axial stress. 
This effect is called the stress stiffening. 

Since the bending stiffness decreases with the increasing compressive axial stress, you may raise a question: How 
large the compressive force P will cause the bending stiffness to reduce to zero? A zero bending stiffness implies an 
unstable structure, because a small lateral load would cause an infinitely large deflection. This phenomenon is called the 
buckling. | 


[2] The beam is made of steel [3] A uniformly distributed load [4] An axial force is applied at 
and has a uniform cross section of 0.1 N/mm is applied the beam's end which is free to 


of |Ommx 10mm. > downward on the beam. > move horizontally. # 
1000 mm 
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10.1.2 Start a New Project 
—— 


2 @ EngineeringData Y , 


3 


i 


[1] Launch Workbench. Create a Static 
Structural system. Save the project as 


SimpleBeam. Start up DesignModeler. # : ’ Rose 4 
* 5 @@ Setup > | 
6 | Gs} Solution ? | 
7 @ Results >, 

Static Structural 
ga 


10.1.3 Create a Line in DesignModeler 


fo \ Concept Tools Units View 1] ( 


[1] Select Millimeter as the so Lines From Points 
length unit. On XYPlane, draw 
a straight line of length 1000 mm 

along X-axis. — 


X ___ My 


[2] Select Concept/Lines From 
Sketches and create a line body using 
the newly created sketch (Sketch 1). 
Remember to click Generate. | 


_ Split Hd oes Me 


Concept Tools Units View my 


9 Surfaces From Sketches 


=| gi) A: Static Structural os % 
= atts XY Plane Ri PUTAcCes Fro “so Lines From Pomts [3] Select Concept/ 
yo Sketch! i, Detack cf) Lines From Sketches Cross Section/ 
i : 28 ine! = Wr, 3D Curve create a rectangular 
= J) 1 Cross Section | Mn, Cull Ed ges cross section of 10 
vO Rect! © Surfaces From Edges mm x 10 mm 
=) Mp 1 Part, 1 Body Bh Susices tin Skoklos (default). / 
y ™ Line Body O Ye oe See \ 
a Surfer ACES 
@ T+.) 
— —— el Ga Dets | 
Sketching Modeling | Gant Schon > BP Rectangular 
Details View © Cucular 
© Circular Tube 
[ Channel Section 
fn 


at, I Section 
TL Z Section 


[4] With Line Body in the project 


tree highlighted, assign the newly fL. L Section 
created cross section to the line J, T Section 
body. Close DesignModeler. # ffi, Hat Section 


Rectangular Tube 
User Inte grated 
gf User Defined 
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10.1.4 Set Up Supports 


A ‘\ 


[|] Start up Mechanical and select mm-kg-N-s unit system. / 


4 


Details of “Sumply Supported 5 


Details of “Displacement” 


-| Scope 
Scoping Method | Georrety Selection 
Georety 1 Vertex O 
=| Definition 
Type | Displacement 
Define By Components 


Cooudinate Systern Global Cooudinate System 
X Component Free 

¥ Cormponent 0. ren Gexermped) ° 

Z Component 0. rim Gearnped) 


| 


[2] With Static Structural in the 
project tree highlighted, insert a 
Supports/Simply Supported. 
Apply this condition at the beam's left 
end. You may need to use the vertex 
selection filter. A Simply 
Supported vertex prohibits 
translations in all directions, but allows 
rotations in all directions. > 


Suppwessed 


——- 


[3] Insert a Displacement. 
Apply this condition at the 
beam's right end. Type zeros 
(i.e., fixed) for the Y- and Z- 
displacement and leave Free for 
the X-displacement. > 


%, ——____ sd 


A: Static Structural 
Static Structural 
Time: 1.5 


[Fixed Rotation: 0. ° 
[EB] Displacement 
[D) Simply Supported: 0. mm 


. 


Provide Enough Supports to Avoid Rigid Body Modes 


Details of “Fixed Rotation” 


Scoping Method | Georretry Selection 


Georretry ‘1 Vertex O 
=| Definition 
Type Fixed Rotation 


Cocudinate System | Global Cooudinate System 
Rotation X | Fixed 


Rotation Y Free O 
Rotation Z Free 
Suppuessed No 


[4] Insert a Supports/Fixed 
Rotation. Apply this 
condition at either end of the 
beam. Here, we apply at the 
left end. Select Free for the Y- 
and Z-rotation and leave 
Fixed for the X-rotation. | 
% 


Y 


> |. 


[5] In 3.1.8[7] (page 116), we mentioned that it is a good practice to provide enough supports. This becomes a 
necessity when working on buckling or modal analyses, where rigid body modes are not automatically eliminated with 


weak springs. 


In this case, newcomers often fail to fix Z-displacements in step [3] and the X-rotation in step [4]. Without these 
supports, a nonlinear simulation would run into convergence difficulties. In case of buckling or modal analyses, rigid 


body modes would present. 


What's wrong with the presence of rigid body modes? The answer depends on the type of simulation. For Static 
Structural simulations, Workbench can add weak springs to prevent an uncontrolled large amount of rigid body 
motions (3.1.8[7], page | 16) and allow a small amount of rigid body motion (3.1.10[2], page 117). 

For Eigenvalue Buckling and Modal simulations, rigid body modes are trivial and appear to be harmless. The 
buckling load corresponding to a rigid body mode is zero, and the natural frequency corresponding to a rigid body 
mode is also zero. However, presence of rigid body modes may deteriorate the numerical accuracy. 

For Transient Structural simulations, we usually don't need to artificially eliminate rigid body modes if they 
exist naturally; let the rigid body modes be present, and the program will take care of them nicely. The exercises in 


Sections 12.4, 15.2,and 15.3 provide examples for these situations. # 
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10.1.5 Set Up Loads 


Details of "Line Pressure” 


=| Scope 
‘Scoping Me Method [Geometry Selection 
Geomety E Edge 

=|| Definition 
Type | Line Pressure 
Define By | Conmponents 


Cocudinate Systern | Global Cooudinate System 
| X Component |0. Némm Garnped) 
Y¥ Component | -0.1 Némm Garnped) 
‘ZCormponent (0. Némnm (amped) 
‘Suppyessed | No 


A: Static Structural 
Static Structural 
Time: 1.s 


[a | Smmply Supported: 0. mm 
[B| Displacement 

|G) Fixed Rotation: 0.° 

[D)) Line Pressure: 0.1 Nénm 
[E| Force: 1 .e-003 N 


[2] Type -0.1 (N/mm) for 
Y Component. /” 


fo 


[1] Apply a Loads/ 
Line Pressure on 
the beam. | 


[5] Click to set X 
Component as an 
input parameter. # 


Ny 


%, # 


10.1.6 Set Up Solution Objects 


=] Scope 
Scoping Method Geometry Selection 
Geometry All Bodies 
=| Definition 
Type Directional Deformation 
Orientation Y Axis 
By Time 
Display Time Last 


Coordinate System 
Calculate Time History Yes 
identifier 

Suppressed No 


Maximum Occurs 


+) Information 


Global Coordinate System 
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ee 


[3] Apply a Force at the 
beam's right end. | 


Details of “Force” 


1 Vertex O 


OLN Garped 


Zeer [0 Grd a 


Suppwessed 


[4] Type a small value, here 0.001 
(N), for X Component. 
Workbench doesn't allow all-zero 
components, therefore we type a 


small value instead. \. 
Ji 


/ \ 


[1] With Solution 
highlighted, insert a 


Deformation/ 


Directional. Set 
Orientation to Y Axis. | 


“| Project 
=| {gal Model (A4) 

+ Jt Geometry 

+) yas Coordinate Systems 
Y&} Mesh 
AS] Static Structural (A5) 
Analysis Settings 
Simply Supported 
Displacement 
Fixed Rotation 
Line Pressure 
Force 
Solution (A6) 
(9) Solution Information 


A 4.4 & 


peeeess 


Sg = 
[2] Click to set Minimum as an output 
parameter. The Y-deformation has a negative value, 
so we look at the Minimum value. # 
é 
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10.1.7 Set Up Mesh and Turn on Large Deflection Effect 


Details of "Analysis Settings” 


(=]| Step Coatrols 


Numbex Of Steps i: 
Cunent Step Numbex | 1. 
Details o "Mesh" Step End Time l.s 
=| Display Auto Time Stepping | Program Contolled 
Display Style Use Geometry Setting SL =| Solvez Coatrols 
=| Defaults Solvex Type Program Controlled 
Physics Preference Mechanical [1] With Mesh in the Weak Springs Off 
— project tree highlighted, Sclver Pivot Checking | Progiarn Contuolled 
| siting set element size to 10 
+) Quality (mm). Generate mesh. | 
#) Inflation 
+ Advanced 
=| Statistics 
Nodes 201 


[+] 


Elements 


[+] 


/ 


[3] With Analysis Settings in the project tree 
highlighted, turn on Large Deflection. This 
turns on geometrical nonlinearity. The stress 

stiffening effect is due to force-geometry 
interactions; Large Deflection must be turned 
on to include the stress stiffening effects. Close 
Mechanical. # 


\ x 


[2] It generates 100 beam 
elements. We will use this 
mesh for the simulations in 
this section. > 


10.1.8 Create Design Points 


Table of Design Points 


_ oc 


| P2 - Directional 


eis 


v A me ei : a 
= , 1 Name | Component — 
1” 77 Static Structural 7 | _ i 
2 Units N mm 
2 @ EngineeringData Y , | 
3 | DPO (Current) | 0.001 7 Sx 
3 Gi) Geometry — > ieee = r 
4 @B Mode a hee 7 [2] Select tonne-mm-s 
L 1 as the project unit. In 
5 @ Setup 7 4 Sa 7 Table of Design 
6 Wg Solution , 4 ee 7 Points, add || design 
7 @ Results Ps S| 5 7 points by typing these 
> 8 [52 Parameters MM 7 values. { 
10 | DP? 7 \ A 
Static Structural ‘4 l DPS ¥ 
12 | OPS } Fy 
13. | DP 10 7 
14 | DP 11 7 
(- \ [3] Click Update All 
[1] In the project schematic, SN acs iis sii oe Design Points. It takes 
double-click Parameter Set. 7 a while. # 
___ DE 


oe ft 
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10.1.9 The Results and Discussion 


3 
. 3 r . [2] And the deflections are used 
EEE (SUPE [os as the vertical axis. | 
P1 - Force X 

1 Name | Comsat | oe be 
| =e Parameters Studies with Workbench 
See - [5] We've demonstrated a useful feature of Workbench: 
= = parameters study, mentioned in 8.1.5[12-14], page 317. 
7 | DP4 To study the relations among parameters, you may 
3. | DPS create various "design points" and then issue an 
9 | DP6. Update All Design Points command. Workbench 
10 | OP7 "7 will do the rest of the work. 
oom 202 The resulting data can be copied and pasted to a 
ee spread sheet application, such as Excel, for plotting a 
aoa ~* chart. | 


[|] We now plot a chart as 
shown in [3]. Note that, in [3] 
the forces are used as the 

horizontal axis... 7 


Deflection at Middle (mm) 


Stress Stiffening Effects 


[6] The curve [3] manifests the stress stiffening effects. As the tensile axial force increases, the deflection decreases, 
indicating an increase of bending stiffness. On the other hand, as the compressive axial force increases, the deflection 
increases, indicating a decrease of bending stiffness. When the compressive axial force reaches a certain point, the 


[4] This is the point of zero axial force. 
To the right side of the curve, the beam 
is subject to tensile forces; to the left 
side of the curve, the beam is subject to 
compressive forces. 


[3] The relation between the axial 
forces and the deflections. 


-500 -250 


0 


250 
Axial Force (N) 


500 750 1000 


bending stiffness decreases so much that the deflection is enlarged dramatically. You may raise a question: what is the 
compressive force such that the bending stiffness completely vanishes? A zero bending stiffness implies an unstable 
structure: a small vertical load would cause the beam to collapse. This phenomenon is called the buckling and the 
compressive force causing the structure to buckle is called the buckling load, or critical load. | | 
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[7] We can continue the above process and extend the curve ([3], last page) leftward until a vertical asymptote can be 
drawn. The force value intercepted by the asymptote will be the buckling force. And this procedure is basically a 
nonlinear buckling analysislRef !, 

Workbench provides an Eigenvalue Buckling system to assess the linear buckling load. A linear buckling 
analysis usually takes much less computing time than a nonlinear buckling analysis but usually overestimates the buckling 
load. 


The linear buckling theory predicts the buckling load as 


_ mE! _ x?(200,000)(833.33) 


= = 1645 N | 
buckling [? (I 000)" ( ) 


Note that the above calculation doesn't include the distributed beam load (0.1 N/mm). Although tending to 
overestimate the buckling load, the linear buckling analysis is useful for two reasons: (a) It is computationally much 
cheaper than a nonlinear buckling analysis and should be run as a first step to estimate the buckling load. (b) It can be 
used to determine the possible buckling mode. 

We will proceed to demonstrate the linear buckling analysis for this case in the rest of the section. # 


10.1.10 Set Up Project Schematic 


fT 
[I] Click Project to return 
to Project Schematic. — 


[2] Create a new Static % af 
Structural system by double- V | 


[3] Drag-and-drop the Geometry cell 
from the old system to the Geometry 


cell of the new system. The two systems 


now share the same geometry. | clicking it in Toolbox. — | Project | 
“a 

¥ A — 

3 3 

2 wv Engineering Data A 4 2 oS Engineering Data i 4 

3 @) Geometry o s 3 @) Geometry ov 4 

4 @ Model Y 4 4 @ Model aw 

5 @ Setup ae 5 @ Setup Ps 

6 |Qg Solution vf 4 6 ne Solution @ Edit 

7 yp Results v5 7 yp Results ~~ Poe 

> 8 (bd Parameters | Static Str/ctural 
Static Structural 
43 Duplicate 
Transfer Data From New . 
| Transfer Data To New > | @p crx 
(pb) Parameter Set ¥ Update Design Assessment 
Update Upstream Components ey Eigenvalue Buckling ©) 
Clear Generated Data Expliat Dynamics 
i {Fluid Flow (CFx) 

Reset KJ Fluid Flow (Fluent) 

[4] Right-click Solution and select EE] Rename GY Harmonic Response 
Transfer Data To New/ —— £4 IC Engine (Fiuent) 
Eigenvalue Buckling. , | Gdditieks A Mechanical APDL 

Ei Modal 

y Add Note — es 
3 Topology Optimization 
Lk Turbomachinery Fluid Flow 
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v A v B v 
1m 7 Static Structural im 77 Static Structural > Eigenvalue Bucking 


2 GF Engineering Data v4 2 vx Engineering Data v¥ 4 CTC ar Engineering Data 4 
3 @) Geometry 4 4 83 @ Geometry 4 4-83 @ Geometry “ae 
4 @ Model a 4 @ Model e , 
5 @ Setup ae 5 @ Setup 051 @ secur 2, 
6 |G Solution oS 4 6 § Solution T at 6 © Solution T 2 
7 @ Results 7 4 7 @ Results a 7 @ Results = 


hb 


-—> 8 (pd Parameters — 


Static Structural Eigenvalue Buckling 


Static Structural 


_ 


[6] Double-click Model (or any 
cell below Model) to start up 
Mechanical. # 


[5] An Eigenvalue Buckling system is 
created and the Solution of the Static 


(pd Parameter Set Structural system is linked to the 


Setup of the Eigenvalue Buckling 
system (see 10.1.1 4[3], next page). <— 


10.1.1 1 Set Up Supports GB) Project 
=) [| Model (B4, C4) 
+) SS Geometry 
[+] ge Coordinate Systems 
"1 Mesh 
BE state structural (05) 
/™ Analysis Settings 


B: Static Structural 


sratie: structure) [!] Highlight Static Structural /@, Simply Supported 
Time: 1.5 

and repeat the steps 10.1.4[2-4] 3, Displacement 
i Fixed Rotation: 0. ° & 
| | Speer ree (page 370). # Y Fixed Rotation 
a Displacement A a| Solution (B6) 


rh Solution Information 
- A Eigenvalue Buckling (C5) 
al s e Jie Pre-Stress (Static Structural) 
; vid Analysis Settings 


=| vil Solution (C6) 
44 Solution Information 


10.1.12 Set Up Load 


[1] With Static Structural 
highlighted, Insert a Force. Select 
the beam's right end. > 


[2] Type -100 (N) for X Component. This is 
an arbitrary compressive value. After a buckling 
analysis, the buckling load will be reported as a 


——OO of "Force" multiplier of this applied load. # 


Egil — [omy iia 


1 Vertex i 
ae pane 


B: Static Structural 


Fore 
Cooudinate System | Global Cooudinate se Time: 1. s 
BX Component -100. N (carnped) (y » 
¥ Component 0. N Gamped) 
Z Component 0. N Gamped) iS Force: 100. N 
Suppuessed No Components: -100.,0.,0.N 
a aes 
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10.1.13 Set Up Mesh 


=|| Display 
Display Style Use Geometry Setting 

=| Defaults SS 
Physics Preference Mechanical 
Element Order Program Controlled [1] With Mesh in the 
Cee 10.0 mm project tree highlighted, set 


#) Sizing element size to 10 (mm). # 
+) Quality 


+) Inflation ee 
+ Advanced 


+! Statistics 


Ne 


10.1.14 Specify Number of Buckling Modes and Solve 


[4] Highlight Eigenvalue 
Buckling and click Solve. This 
23 also triggers the solving of Static 
Structural (for calculating the pre- 
Solve stress). If you highlight Static 
Structural when you click Solve, 
iB] Project -™ it would solve the Static 
2 : Steen Structural only. | 


#1 yak Coordinate Systems [3] The name of this object 


J@ Mesh indicates that the stress results 
=|_{-] Static Structural (B5) £ Static Struct i 
/ Simply Supported used as a pre-stress for 
Wm pistscest Eigenvalue Buckling (see 
U Fixed Rotation 
Oe rss 10.1. 10[5], last page). 7 


=|] Solution (B6) 

D Ad Solution Information 

}-¥ Eigenvalue Buckling (C5) ; 

Zp Pre-Stress (Static Stuctural) OY Number of Buckling Modes 

Wa Analysis Settings © 
=|] Solution (C6) 3 

Solution Information 


[5] In this case, the first buckling mode 
(mode with the smallest buckling load) is 
what we are interested in. Other modes 
have little practical usage in this case. 
Due to the same dimensions of the 


Details of "Analysis Settings” 


[|] Highlight Analysis 
Settings of Eigenvalue 
Buckling. | 


cross section in Y- and Z-direction, buckling 
modes appear as pairs, that is, the first two 
modes are identical, the third and fourth 
modes are identical, and so on. 

The reason we want to evaluate the 
third and the fourth modes is to make sure 
they are far beyond our concern. # 


Analysis Data Management 


[2] Type 4 for Max 
Modes to Find. { 
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10.1.15 View the Results 


» EG Context Multiple Systems - Mechanical [ANSYS Academic Teaching Introductory} 
| File | Home Solution Display Selection Automation 
a My Computer 4 & [FE commands [@)images- % ae 
v Distributed - = * Cicomment fJiSection Plane daa 
So Ana Results UserDefined Probe Tocik 
‘ Cores 2 _ ¢ ‘iy Chart fs} Annotation - , ns = - 
Outline Solve > insert 
Cutiine “FOX QQ [Ole S | C- + QQ QQ Select RMode- FIDE BE 
Name - 
C: Eigenvalue Bucklin 
BB Project* ae 9 
=) OB Mode ( 
Ye 
is) ff 4 
78 Cor [4] Click Solve. / 
SD Mesh 


v®, Fixed Rotabon 
7® Force 
= /& Sohution (86) 
yf Solution Information 
8 val Eigenvalwe Buckling (C5) 


vio Pre-Stress (Static Structural) 
v HA] Analysis Settings 
& /® Solution (6) 


Details of "Solution (C6)* 


+ Adaptrve Mesh Refinement 
Man Refinement Loops = 1. 


Refinement Depth 
=| Information 
Status 


2 


Done 


MAPOL Elapsed Time 3. 5 
MAPDL Memory Used =| 52. MB 


MAPDL Result File Size 


Post Processing 
Beam Section Results 


704. KB 


No 


[3] Click Mode to 
select all modes and 
right-click-select 
Create Mode 
Shape Results. \ 


[1] Highlight 
Solution. — 


nd ~%0™*x ita 
4. || Mode ~ Load Multiplier 
65.731 1 16.445 
2 
3 | 
40 “ 
20 | | Copy Cell 
: Create Mode Shape Results 
1 2 3 4 


Graphics Annotations Graph 


© four buckling modes; i.e., a 


Create Mode Shape Results 
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[2] These are the Load 
Multipliers for the first 


buckling load is equal to 
the applied load times a 
Load Multiplier. For 
example, the first buckling 

load is 1644.5 N 

(100x 16.445), which is 
consistent with the result 
in Eq. 10.1.9(1), page 374. 


i= ——— 
Oo Fy ¥ Context Multiple Systems - Mechanical [ANSYS Academic Teaching Introducton) ow Oo x 
me Result Display Selection Automation AB Oo 
| IE. Commands (@)!mages~- = = Zz Ee 
i + |)" ee [icomment [JBSection Plane 
[5] Now, you can click Solve Analysis e ois ie Anrictation Display Vector Cap Views 
° . = “ NTL — ! Display~ lsosurtace* ° 
a result object to view | .;,.... ree 
a buckling mode. | | QQ [Cle @ (SC ]+ QAQA seer Mode MARARARE® : 
C: Eigenvalue Buckling 
> ie teem 
Load Multiplier (Linesr): 16.445 
# mit mm 
#4 
<3] 1.3909 Max 
4.183 
& / Ej Static BS) 1.0351 
8 JA tigenvalue (cs) 0.88725 ee 
vio Pre-Stress (Sta 0.73938 
v1] Analysis Settings 0.5915 
& ,®) Sokution (C6) 0.44363 
7 Solution Informa 0.29575 
v® 0.14788 Y 
/® Total Deformation 2 0 Min 
/@ Total Deformaton 3 © 
/® Total Deformation 4 x 
Details of “Total Deformation” ~8oOx 
= Scope A 
Scoping Method —_| Geometry Selection Graph on Seiad ~80 x. Tabular Data ~8O0x 
‘Geometry ‘All Bodies Animation l | CL) ] (a) u- 620 Frames ~ 2Sec(Auto) + E 
=\| Definition 1 
Type | Total Deformation 65.731 
‘Mode i “ 
identifier 
Suppressed No 20 i 
= Results 0 
Load Multiplier 16.445 J 2 3 4 
Minimum lo. mm 
Maximum | 1.2664 mm wv Graphics Annotations Graph 
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BB Project* 

E Model (B4, C4) 
y®@ Geometry SS + 
veto Materials 

v pi Cross Sectons 

vik Coordinate Systems ; 
JD Mesh C: Eigenvalue Buckling 


Total Deformation 4 
=|, Static Structural (BS) Type: Total Deformation 


> 


[6] The second lowest critical 
load (100x65.731 N) is far 
beyond our concern. | 


+) -& 


7H Analysis Settings Load Multiplier (Linear): 65.731 
w_A Simply Suppor ted Onit-mm 
@ Displacement 
4 
)&, Fixed Rotation ce iad 
vy® Force , 
- ' 0.77897 
=| /@ Solution (B6) 0.66769 
= y >| Eigenvalue Buckling (C5) 044513 . 
v0 Pre-Stress (Static Structural) 0.33385 
¥ HA Analysis Settings 0.22256 . 
= /@ Solution (C6) 0.11128 [ = 
£3) Solution Information 0 Min 


/® Total Deformation 
/® Total Deformation 2 
/® Total Deformaton 3 
/® 


Buckling Mode Shapes 


[7] When displaying the buckling mode shapes, Workbench scales the values of deformation such that the maximum 
deformation is approximately |.0. The values of deformation have no physical significance. It is the mode shapes that 
are useful. Similarly, the stresses or strains calculated in linear buckling analyses have no physical meaning. | 


[Wrap Up 


[8] Save the project and exit Workbench. # 
\ a 


Reference 


|. All Help>Mechanical APDL>Structural Analysis Guide>7.2. Performing a Nonlinear Buckling Analysis 
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® Type: Total Deformation 
Load Multipher (Lear): 0.27116 
Unit: nm 
| ee 1.1457 Mex 


3D Truss 


10.2.1 About the 3D Truss 


[1] In Section 7.2, we analyzed a 3D truss; the stresses 
range from -25,415 psi to +13,962 psi (7.2.12[4], page 
292). The structure seems safe, since the structural 
steel's yield strength can be as high as 40,000 psi for 
both tension and compression. However, stress is 
only one design consideration. Structural stability 


must be verified whenever compressive members are 
involved in the structure system. 

Let's make some simple calculations to check 
whether structural stability should be an issue, by 
considering the member that has the maximum 
compressive force, which is P = 15,802 Ib (see [2]). - 
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B: Eigenvalee Buckling 
Total Deformahon 


1.0184 

0.89114 
0.76383 
0.63653 
0.50922 
0.38192 
0.25461 
0.12731 
0 Mum 


A: Static Structural 
Axial Force 

ype: Directional Axial Force (UUnaveraged) (X Axis ) 
Unut: lbf 
Solution Coordinate System 
Time: 1 


8203.4 Max 
5536.1 

2868.9 
201.65 
-2465.6 
-5132.8 
-7800.1 
-10467 
-13135 
-15802 Min 


[2] Maximum compressive force is 
15,802 Ibf. This picture is the same 
as 7.2.13[6], page 294. | 


[3] The member (of maximum compressive force [2]) has a length of 133.46 inches and a cross section 
(. 15 x15 x 5) of an area moment of inertia of 0.13852 in*. The structural steel's Young's modulus is 29,000,000 psi. 
Its buckling load, according to a linear buckling theory, is estimated to be 


n°EI _ 2?(29,000,000)(0.13852) 


bucking 2 (133.46) 


= 2,226 Ib = 0.14(15,802) = 0.14P 


In other words, merely 14% of the design loads (see 7.2.1[1], page 283) would cause at least one of the structural 


members to buckle. It is now obvious that the structural stability might be a problem. 

In this section, we want to perform a linear buckling analysis for the entire 3D truss structure, rather than a 
single member. The linear buckling analysis will result in a higher multiplier than 14% (10.2.4[6], page 382). Two 
factors cause the deviation from the above simple calculation. First, the rigid joints provide additional rigidity, 
increasing the buckling load. Second, even assuming pin-jointed, this truss is a statically indeterminate structure; 
buckling of one member does not necessarily cause a buckling of the entire structure. 

The unit system used in this section is in-lbm-Ibf-s. # 
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10.2.2 Resume the Project Truss 


/ 
[1] Launch Workbench, open the project Truss (which was saved in Section 


7.2),and set up an Eigenvalue Buckling system shown in [2-5]. / 
Ye 


Vv A v 


im 7 Static Structural q 


2 Ww Engineering Data vA | ee | wp Engineering Data 
3 @) Geometry Y .—43 @) Geometry 
4 @ Model Y gat Be Mode! 
5 Se Setup wa 4 -@5 ee Setup 
G5 Solution 4 6 @& Solution 
A 7 yp Results 


[2] From Toolbox, drag 
Eigenvalue Buckling 
and drop here. 7 


10.2.3 Perform Buckling Analysis 


Details of : 


=| Display 
Display Style 

=| Defaults 
Physics Preference Mechanical 


Use Geometry Setting 


Element Order Program Controlled 


+) Sizing 
+) Quality 


+) Inflation 


+) Advanced 
+) Statistics 


[|] With Mesh in the project tree 
highlighted, set element size to 10 (in) 

and generate the mesh. The reason we 
use smaller element size (instead of one 
element for each member) is to display 

the deformation in a visually more 

realistic fashion. 77 Solve 

2 


[5] Highlight Eigenvalue 
Buckling and click Solve. # 
% / 
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Eigenvalue Buckling 


[3] An Eigenvalue 
Buckling system is 
created. | 


[5] Double-click Setup 
(or any cells below) to 
start up Mechanical. 

Select the in-lbm-Ibf-s 

unit system. # 


[4] This link means that the stress results (of 


Static Structural) are used as a pre-stress 
of Eigenvalue Buckling. { 


{G]] Project /_ a, 
=| [Bl] Model (A4, B4) 
~ /&B Geometry [2] Highlight 
lak Coordinate Systems Analvsi 
JB Mesh ee a 
i = Static Structural (AS) Settings of 
“is Analysis Settings Eigenvalue 
J, Fixed Support i 
aa Buckling. | 
Je. Force 2 
a, Force 3 
/®, Force 4 


=| tg] Solution (A6) 


/&B Torsional Mome 
J&B Total Shear For 


+) Ai Beam Tool 


vie Pre-Stress (Static Structural) 


=| iB] Solution (B6) 
Ag) Solution Informat [3] Type 6 for 


Max Modes 
to Find. | 


Max Modes to Find | 6. 

=| Solver Coatrols 

Solvex Type 

Include Negative Loed Multpliex 


Output Coatols 


I+) 


Analysis Data Management 


+) 


a. 
[4] Select No for Include Negative 
Load Multiplier. We're not interested 
in negative load multipliers. < 
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10.2.4 View the Results 


o a ¥ Context Multiple Systems - Mechanical [ANSYS Academic Teaching Introductory] = | x 
| File | Home Solution Display Selection Automation AaB @ 
[] x My Computer ae & FF Commands @ images ~ ® tai Ee 
: ¥ Distributed . * Cicomment [JiSection Plane USER 
| ©Q ait = — Or «Chart SP annotation saa i sola iia wee men 
Outline Solve ls Insert 
Outline "OX QQ [Ole SB C-+QAQM Select RMode- FIM HARRRRY® : 
Name a Vv - 
Project* B: Eigenvalue Buckling 
= ic) Model (A4, 84) a lution p) Th | . li 
G-@ Geometry [4] Click [*"° [3] Click Mode to select [2] The rs upliers 
# Materials : ° 
¢ peu Solve all modes and right-click- for the first six 
73k Coordinate buckling modes. <— 
Oe en select Create Mode / 
v 
# Static Structural (AS) Shape Results. — 
= Eigenvalue Buckling (B5) a 
“i Pre-Stress (Static Structural) 
Analysis Settings i i 
oe ~= [1] Highlight 
JED Solution Information Solution. — 
ee 
Details of “Solution (B6)" ~hox 
= Adaptive Mesh Refinement 
Max Refinement Loops 1. | Graph ~8Ox - 30x 
oti ee (= 
=) Information 0.46573 \ I 
Status Done 0.25247 
MAPODL Elapsed Time 3.5 | 02 0.37218 
MAPDL Memory Used |94. MB | | | Copy Cell 
MAPDL Result File Size 2.3125 MB | ) Create Mode Shape Results 


= Post Processing 


3 4 5 
Beam Section Results | No | Create Mode Shape Results | 


Graphics Annotations Graph 


Oo (o) id Context Multiple Systems - Mechanical [ANSYS Academic Teaching introductory) - Oo x 
File | Home Result Display Selection Automation AB & 
i= x 3 ae SQNna FF Commands @images~ = > z Ee 
- e System Cicomment [JiSection Plane ' 
Duplicate Solve Analysis Dis, Vector Ca Views 
eS Q - ys é. ay Chart B Annotation mw Display~ Pv. ‘ace’ 2 
Outline Solvers insert 
QQ [Slee B(C]+ QAQM| seer Mode THHHRRARA F F£ 
Name a 
B: Eigenvalue Buckling 
Project* 
a Fe (A4, 84) Total Deformation 
Medel (a4, Type: Total Deformation 
B/D Geometry Load Multiplier (Linear): 0.23116 
Ag Materials Unit: in 
yy db Cross Sections 
yk Coordinate Systems 1.1457 Max 
BD Mesh 1.0184 
* Static Structural (A5) 0.89114 
= Eigenvalue Buckling (B5) 0.76383 
vi Pre-Stress (Static Structural) 0.63653 
7B Analysis Settings 0.50922 z 
= /® Solution (B86) 
0.38192 
{© Sotuton Information 0.25461 
A] Total Deformation | 0.12731 y 
/® Total Deformation 2 0 Min 
y® Total Deformation 3 
v® Total Deformation 4 
/® Total Deformation 5 Graph ~ 80% Tabular Data ~ 80x 


/® Total Deformation 6 


Animation |< > || | (O)D 20Frames ~\2Sec(Auto) ~~ _|Mode|[¥ Load Multiplier 


0.23116 

Det/ ‘ ” 0.25247 
= ; 0.37218 
[5] Click Total , | ta | ee 
Deformation to view the |° | : 2 ) : ; 046573 


first buckling mode. | | 


s Annotations Graph 
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B: Eigenvalue Buckling 


[6] Buckling will occur when 


; ; : Total Deformation 
23% of design load is applied Type: Total Deformation 
on the structure. The Load 
Multiplier can be viewed as Vnut: in 

a safety factor as far as the roe 
buckling is concerned. The 10184 
structure is not safe. | 080114 
0.76383 
0.63653 
0.50922 
0.38192 


0.25461 
0.12731 
0 Min 


[7] The first buckling 
mode. | 


Wrap Up 
[8] Save the project and exit Workbench. # 
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e B: Eigenvalue Buckling 
Total Deformation - Mode | 
Type Totel Deforme:ia: 
Load Multipher (Lines:) 203 59 
6) Unit mm 
1.0009 Max 


0 88973 
077851 
06673 

055606 
044486 


Beam Bracket ss 


0 Min 


10.3.1 About the Beam Bracket 


[2] The maximum von Mises 
stress. This picture is a duplicate 
of 5.1.13[9], page 218. / 


[1] In Section 5.1, we simulated a beam bracket using 
a 3D solid model, and in Section 6.2 using a surface 
model. The maximum von Mises stress is 83 MPa 


A: Static Structural 
Equivalent Stress 
Type: Equivalent 
Unit: MPa 


6n-Mises) Stress 


[2], well below the yield strength, 250 MPa. sia 
By examining Minimum Principal Stress 
[3], we see that the web is subject to compressive sas 
stress; its magnitude is about 24 MPa [4]. It is a good pene 
practice that an engineer always checks the 26568 
structural stability whenever compressive stresses eee 
0.28899 Min 


exist, unless he has enough experience to judge that 
the stability is not an issue and therefore the 
checking is not necessary. 

In this section, we want to make sure that, under 
the design load, the web does not buckle. 

The unit system mm-kg-N-s is used in this 
section. 7 


Minimum Prinapal Stress 
Type: Minimum Principal Stress 
Unit: MPa 
Time: 1 


22494 Max 


[3] Minimum Principal 10.27 
Stress is used to examine ay Gen 


compressive stresses. | “2640s 


-50.852 
-63.076 
-75.3 
-87.524 Min 


[4] Compressive stress 
at the web. # 
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10.3.2 Resume the Project Bracket 


[1] Launch Workbench. Open the project 


Bracket, which was saved in Section 6.2. | 2 @ EngineeringData ¥ 
3 Gp) Geometry / 

/ 4 @ Mode! / 

[2] From Toolbox, drag 5 @ seu 7 

Eigenvalue Buckling and 6 @ Solution y 

drop here. > 7 @ Resuts y; 


Static Structural (Solid Model) 


C 


vT 


‘= 7 Statc Structural 


2 @ Engineering Data 
3 @) Geometry 

4 @ Model 

5 G® Setup 

6 | Solution 

7 @ Results 


wm) SINT SIS 


v 


v A 


4 


a 


Static Structural (Surface Model) 


10.3.3 Perform Buckling Analysis 


i] Project 
‘| Model (A4, B4) 
+) Jf Geometry 
+ yok Coordinate Systems 
+] J Mesh 
=|-y{] Static Structural (A5) 
Jin \ Analysis Settings 
J, Fixed Support 
"S, Force 
} Agel Solution (A6) 
g($) Solution Information 
/& Total Deformation 
J@® Equivalent Stress 
(@® Structural Error 
) a) Stress Tool 
~ AY ae Buckling (B5) 
T=0 Pre-Stress (Static Structy 


“=> 
Wa Analysis sis Settings; 


S ms Solution (B6) 
YZ] Solution Information 


= | 
Max Modes to Find | 


=]| Solvex Coatrols 
Solver Type 


Analysis Data Management 
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> Eigenvalue Buckling 


ee i‘ Engineering Data ra 

7, ort) Geometry 4 , 
ot Mode! Y, 
y ©5 @ Setup ew, 
al 6 | & Solution | v 3 
4 7 p Results — , 


Eigenvalue Buck hg 


§ 


[3] Double-click Setup (or any 
cells below) to start up 
Mechanical. Select mm- 
kg-N-s unit system. # 


% $< —_—___—_ 


/ 


/ xX 


[1] Highlight Analysis 
Settings of Eigenvalue 
Buckling. | 


[2] Type 2 (default) for 
Max Modes to Find. | 


[3] Select No for Include 
Negative Load Multiplier. 
We're not interested in negative 

load multipliers. | | 


cS) A) Eigenvalue Buckling (B5) 
yee Pre-Stress (Static Structural) 
vial Analysis Settings 


SIs =] Solution (86) 


v€3) Solution Infa 


[4] Highlight Solution of 
Eigenvalue Buckling. | 


u 
Deformation 


A 


7 


[5] Insert 
Deformation/Total. 
Do it once more. /7 


% 
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Es AV Eigenvalue Buckling (B5) 
Je Pre-Stress (Static Structural) 
Wa Analysis Settings 
=| | Solution (B6) 
gi Solution Information 
¢@® Total Deformation 


a Total Deformation 2@ 


Geometry Selection 
All Bodies 


[6] Highlight Total 
Deformation 2 of 
Eigenvalue 
Buckling. | 


[7] Type 2, the 
second mode. / 


-— > 
[8] Select the two result 
objects and right-click-select 


ie 4 >| Eigenvalue Buckling (B5) Rename Based on Solve 
yno Pre-Stress (Static Structural) Definition. | — 
vB Analysis Settings \ 


=| ¢® Solution (B6) ———4 
y® Solution Information 
ee) 
a 3 Solve 
“@ Suppress 


dp Rename Based on Definition 
Rename Based on Definition 


This option renames 
a the object based on 


its definition. 


Rename All 


Group Ctrl+G 


OO & 


Group Similar Objects 


——————— 


E)- - Ly] Eigenvalue Buckling (B5) 
Jie Pre-Stress (Static Structural) 
¥L.\ Analysis Settings 

=|] Solution (B6) 


+ | Solution Information 


¢@% Total Deformation - Mode 1 
@ Total Deformation - Mode 2 


[9] The names change. 7 
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=) Wa Eigenvalue Buckling (B 


=|...) Solution (B6) J ? 


[10] Highlight Eigenvalue 
Buckling and click Solve. 
Since pre-stress is used in the 
buckling analysis, Static 
Structural is automatically 
solved before Eigenvalue 
Buckling. | 
a 


[1 1] An alternative way to solve is 
right-clicking Eigenvalue 
Buckling and selecting Solve. # 


5) 
/ =P Pre-Stress (Static Str Insert 
¥Z.) Analysis Settings 


'#] Solution Informat 
= Total Deformation. eee 
Y@ Total Deformatio: alb Rename (F2) 


‘es Group All Sumilar Children 


_ Open Solver Files Directory 
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10.3.4 View the Results 


B: Eigenvalue Buckling 
a Total Deformation - Mode 1 
[2] The Load Multiplier can be Type: Total Deformation 


viewed as a Safety factor as far as Load Multiplier (Lines) 203.59 
: : . Unit: mm 
buckling is concerned. It predicts that 
204 times of design load will cause a 1.0009 Max 


0.88973 
buckling. We conclude that the 0.77851 


0.6673 


structure won't buckle under the 
design loads. | 0.55608 
0.44486 


0.33365 
0.22243 


0.11122 
0 Min 


[1] Highlight Total 
Deformation - Mode I to 
view the first buckling mode. \ 
x. ae 
B: Eigenvalue Buckling 
Total Deformation - Mode 2 
Type: Totel Deformation 
Load Multiplier (Linear): 282.71 
Unit: mm 


1.0006 Max 
0.88941 
0.77823 
0.66706 
0.55588 
0.4447 
0.33353 
0.22235 
0.11118 

0 Min 


[3] Highlight Total 
Deformation - Mode 2 to 
view the second buckling mode. | 


a $d 


Wrap Up 
[4] Save the project and exit Workbench. # 
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Section 10.4 


Review 


10.4.1 Keywords 
Choose a letter for each keyword, from the list of descriptions 


( __) Eigenvalue Buckling Analysis 
2. ( — ) Nonlinear Buckling Analysis 
3. ( _ ) Stress Stiffening Effects 


Answers: 
L(B) 2(C) 3(A) 


List of Descriptions 


(A) Aslender or thin structural member's bending stiffness increases with increasing axial tensile stress. Similarly, the 
member's bending stiffness decreases with increasing compressive stress. The extra (or deficient) stiffness is called the 
stress stiffness. 


(B ) Prediction of buckling loads and buckling modes based solely on initial stress stiffening effect. It doesn't account 
for large deformation effect. 


(C) Prediction of buckling loads using a nonlinear analysis technique. It accounts for all nonlinear effects, including 
large deformation effect and nonlinear material effect. 
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10.4.2 Additional Workbench Exercises 


Linear Buckling Analysis with Constant Loads 


In the buckling analysis at the end of Section 10.1, we didn't include the lateral load (0.1 N/mm). You may wonder if the 
existence of the lateral load would alter the linear buckling load. Our engineering intuition tells us that a little lateral 
load would significantly decrease the buckling load. In linear buckling analysis, the large deformation effect is not 
considered. As a result, the lateral load has limited influence on the buckling loads. In our case, since the lateral load is 
sO small, the buckling load predicted by a linear buckling analysis will be essentially the same regardless of the presence of 
the lateral load. This exercise requires you to verify this point. 

To do this, you are performing a linear buckling analysis with constant loads. Remember that a linear buckling 
analysis reports a multiplier. Buckling loads are ALL the applied loads multiplied by the multiplier. If the model involves a 
constant load, then there is no sense to multiply that constant load unless the multiplier equals a unity. Iterating on 
buckling analysis and trying to obtain a multiplier of unity is exactly the approach you should use when performing a 
linear buckling analysis with constant loads. 


Buckling Pressure of Bellows Joints 


The bellows joint, simulated in Section 6.1, is subject to external pressure when used in the deep ocean. If the external 
pressure is larger than the internal pressure, then its stability must be checked. This exercise asks you to predict the net 
pressure (difference between external and internal pressures) that causes the bellows joint to buckle. Also study its 
buckling modes. 


Buckling Torque of a Beverage Can 


Applying a twist on a thin beverage can introduce tensile stress on a principal direction and compressive stress on 
another principal direction. Excess compressive stress may cause the skin to buckle. Model a beverage can as a 
cylindrical surface of length 122 mm, a diameter of 64 mm, and a thickness of 0.1 mm [I]. Assume that the can is made 
of AA3004, which has a Young's modulus of 68.9 MPa and a Poisson's ratio of 0.35. Predict the torque that causes the 
skin to buckle. Study the buckling modes [2]. 


[!] The beverage can is 
simplified to a cylindrical 
surface with this end fixed. 


[2] The buckling shape 
of the beverage can 
under twist. # 
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Modal Analysis 


When a structure deforms (e.g., vibrates) very fast, dynamic effects must be included in the governing equations. Modal 
analysis is a special type of dynamic simulation, which explores the behavior of free vibrations, vibrations without external 
forces. The most important characteristics of free vibrations are the natural frequencies and their corresponding 
vibration mode shapes. 


Purpose of This Chapter 


Why do we need to know the natural frequencies and the mode shapes? First, modal analysis has many usages in its own 
right; for example, to find the consonance frequencies of a structure in order to avoid or exploit them. This chapter 
provides several examples to demonstrate the usage of modal analyses. Second, these dynamic characteristics are 
important for further dynamic simulations; for example, transient dynamic simulations or harmonic response analyses. 
Chapter |2 will have several examples to demonstrate this. 


About Each Section 


Section | 1.1 uses the gearbox, introduced in Section 6.3, as an example to illustrate a common consideration when 
designing a machine involving rotatory parts: avoiding resonance. Section | 1.2 uses the two-story building, introduced in 
Section 7.3, to demonstrate the use of modal analysis to find the weakest direction of a structure and improve the 
stiffness of that direction. Section | 1.3 discusses a case in the popular TV series Mythbusters, in which they succeeded in 
shattering CDs with a high rotational speed. Some people may believe the myth that the shattering is due to the 
excessive centrifugal stress. This section is designed to bust that myth, by proving that the shattering is due to resonant 
vibrations rather than the centrifugal stress. Section | 1.4 discusses the physics of music, which is closely related to 
modal analysis, using a guitar string as an example. 
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Section II.! 


Gearbox 


11.1.1 About the Gearbox 


[1] In Section 6.3, we performed a static structural simulation for a gearbox. Deformation and stresses seem within 
safety margin under the static design loads. Dynamic behavior, however, should also be investigated. 

The gearbox is designed for a speed reducer. The maximum speed at input is 630 rpm (10.5 Hz). The gearbox 
must be stiff enough such that, during the operation, resonance does not occur. Resonance, in this case, is harmful 
because it enlarges the deformation and the stresses. It also causes noises. 

In this section, we want to perform a modal analysis to investigate the natural frequencies of the gearbox, to make 
sure these natural frequencies are much higher than the operational frequency (630 rpm). 

You may raise a question: when evaluating the natural frequencies, whether the design bearing loads (6.3.7[1], page 
261) should be applied or not. In general, the answer is yes, since the prestress will modify the stiffness (called the 
stress stiffening effect, see Section 10.1). In the old days, since a "prestressed modal analysis" was expensive to perform, 
engineers tended to neglect the prestress effect when, according to their experiences, they knew that the prestress 
effect was negligible. 

In this section, we will perform modal analysis twice, one with prestress, another without, to show that the effect of 
the prestress in this case is negligible. Note that, in other cases, the effect of prestress may be significant. # 


ey 
[3] Double-click Setup (or any cells 


[1.1.2 Resume the Project GearBox below) to start up Mechanical. Make 
sure the unit system is mm-kg-N-s. | 
—_—_—_—_—_—_—_—_—___———————— a: \ 
[1] Launch Workbench. Open the project v A Vv 
Gearbox, which was saved in Section 6.3. | 1 77 Static Structural 1 
2 @ EngineeringData “ > 2 @& EngineeringDab 
Fn > > 
3 Gi Geometry J 4 @3 Gi) Geometry we 
[2] From the Toolbox, drag the + @ 7 “+ @ 
Modal analysis system and drop wslbeiatais 4 dibe Mid 
here to create an unprestressed 5 @@ Setup Ss 5 @@ Setup — 
modal analysis system. — 6 | Solution A» 6 | Solution >, 
Ns 2 
7 wy Results aw 7 y Results T « 
Static Structural Modal 


Static Structural analysis is not always needed for a modal analysis 


[4] We are now performing an "unprestressed modal analysis." When performing an unprestressed modal analysis, a 


Static Structural analysis is not needed (i.e., you might delete it). We keep Static Structural system because we 
want to perform a prestressed modal analysis later (11.1.5, pages 393-394). # 
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[1.1.3 Perform Modal Analysis 


| cle Context Multiple Systems - Mechanica! [ANSYS Academic Teaching Introductory] - ca] x 
za Home Environment Display Selection Automation AB & 
| x BS & FF: commands @ images ~ > @ tsi E 
= < Litomment Ci Section Plane 
tial T f 
OSes Q mas nical P «Chart lb Annotation a Structural Tools Views 
Outline Solver, Insert 
~ ar lonlem 2 im . 
QQ [Clee % O-+FQQAA®| seer Moe MIPHHRARRT? £ 
Name - ea 
B: Modal 
J Project* 
Fixed Support 
= Model (A4, B4) Froquence RUE 
B/S Geometry 
BPR Materials e| Fixed Support 
H-—yik Coordinate Systems 
B/S} Connections 
yD Mesh 
=} 0D Static Structural (AS) 
vy Hay Analysis Settings [ ] ' . 
v@, Fixed Support 2 Highlight 


vO Bearing Load A 
yO) Bearing Load B 
vO Bearing Load C 
©) Bearing Load D 
y@ Asal Load at A 
v@® Adal Load at D 
= /&) Solution (6) 


ts 


Modal (B5) () 
vio Pre-Stress (None) 


yoo Setunce 


Tia Aes 


v 
=} 9) Solution (B6) 
#0) Solution Informaton 


[|] No prestress is 
included; i.e., the 
environment 

conditions specified [°"°' "© °“ere* 
in Static scoping Method | Geometry Selection 
Structural do not fe" 
apply to Modal |... Fixed Support 
analysis system. 77 fureresie¢ No 


Modal and insert 


a Fixed 
Support. — 


[3] Select this face as 
Fixed Support. | 


~ x 
Location Zz 


~80~x Graphics Annotations 
Type Value 


| Unit Location X Location Y 


=) y(t] Modal (B5) 
Jie Pre-Stress (None) 
WAG sceiss Setings 
J, Fixed Support 
=|] Solution (B6) 
) Solution Information 


Details of "Analysis Settings” 


Analysis Data Management 


[5] Highlight Analysis 
Settings of the 
Modal branch. | 


Drag-and-Drop a Tree Object 


[4] Steps [2-3] can be replaced by dragging the 
Fixed Support of Static Structural and 
dropping to the Modal branch. <— 


[6] The default Max 
Modes to Find is 6. 
Leave it unchanged. > 


Solve 


[7] Make sure Modal or any of its 


subordinate objects is highlighted 
and click Solve. # 
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11.1.4 View the Results 


i | . Context? Multiple Systems - Mechanical [ANSYS Academic Teaching Introductory] - Co x 


| File | Home Solution Display Selection Automation Aa eo 
‘2 ye | My Computer & {Selection [FS commands (@images- & & ac) (e] y E 
+| ie linate System [comment Ji Section Plane USER 


je Analysis . r Results UserDefined Probe Toolbox Tools Views 
: Cores 2 . iin Chart & Annotation = Result . 7 ’ > 
Outline Solve Insert 
Cavine QQ [Oe SB C-+ QA|QR select Mode MIHPHHHAREY*® 
Name ’ 
BB Project* 
5 Model (A4, B 
y®@ Geometr 
& wo Materials 
& wk Coordina’ 
3) Connections . 
ee [2] Click Frequency to 
i Static Structural (A5) ' 
abi faint select all the frequencies. | 
vio Pre-Stress (None) 
mii Analysis Settings . . e 
“a Si [1] Highlight Solution of y 
a Solution (B6 : 
a cute inferatn] the Modal environment. > 
Details of "Solution (86)" e Dox | 


=| Adaptive Mesh Refinement 
Max Refinement Loops §1 


Refinement Depth 2 
= Information 
Status ‘Done 


MAPDL Elapsed Time 6. § 
MAPDL Memory Used | 490. MB 
MAPOL Result File Size | 8.8125 MB CTA 

=| Post Processing | 


Beam Section Result N 
2 ion Results ° Graphics Annotations Graph 


[3] Right-click-select 
Create Mode Shape 
Results. \ 


a | oe Context Multiple Systems - Mechanical [ANSYS Academic Teaching Intro dul eo x 
Ei Home Result Display Selection Automation a oO 
iO x |) fk: Commands (@) Images~ > Zz eS 
Fabs 4 : em Focomment [Ji Section Plane 
Duplicate Solve = Analysis . Display Vector Cap Views 
a Q * a OR it Chart Annotation = Display ~ Pts: stale am 
Outline Solver. Insert 
Meee 20 [Ole S (CH QQAAQAQ Select Mode HAH ARRS? - 
Name ° hte 
B: Modal 
) Project* : 
a- ® tel (A4, BS) Totel Deformation 
& Type: Totel Deformation 
"ps eet Frequency 31876Hz 
B/S Materia Unit: mm 
-y 2k Coordinate Systems 
@—/f%} Connections 12.1 Max 
JD Mesh 10.755 
© Static Structural (A5) 9.411 
yall Modal (65) 8.0666 
yo Pre-Stress (None) 6.7221 
vi] Analysis Settings 5.3777 . 
; JB, Fixed Support 4.0333 
[5] Click each result | & v® Solution (86) 2.6889 
: : (2) Solution Information 1.3444 
object to view a mode , has x 
snape. | /® Total Deformation 3 
= igs a i Graph ~ 8O%X Tabular Data v~ 40x 
*® ‘s ie } | pul Milsarc * = |Mode |[¥ Frequency [Hz] 
v otal Deformaton 6 imation uw 20 Frames ¥ J : a 
Details of “Total Deformation” ~%0*x 575.68 2 $29.11 
= Scope A 3. 446.47 
: T : 4. 523.77 
Scoping Method Geometry Selection 5. 566.61 
Geometry All Bodies 6. 571.01 
1 2 3 - 5 


= Definition 


Graphics Annotations Graph 


[6] And animate the 
mode shape. | | 


3 
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Free Vibration Mode Shapes 


[7] The vibrations you observed in [5-6] (last page) are called free vibrations since no external forces are applied on the 
structure. Like the buckling mode shapes discussed in the last chapter, values of deformation (and the corresponding 
stress, strain) have no physical significance; it is the shape of a vibration mode that is meaningful. 


Natural Frequencies 


The frequencies corresponding to the free vibrations are called natural frequencies. The lowest natural frequency is 
called the fundamental natural frequency, or simply fundamental frequency. In this case, the fundamental frequency is 
318.89 Hz (19,133 rpm), far beyond the operational frequency (630 rpm). Before we jump to conclude that the 
resonance is not an issue, let's make sure that the prestress is negligible. 


Rigid Body Modes 


When performing a modal analysis, you should provide enough supports to avoid any rigid body motions. If you didn't, 
then rigid body modes would be included in the results. Rigid body modes have infinite period, or, equivalently, zero 
frequencies. Rigid body modes are superfluous, and should not be present (see 10.1.4[5], page 370). # 


[1.1.5 Perform Prestressed Modal Analysis 


~ A v B 
3 
2 we Engineering Data 2 A Engineering Data 
a ‘DM, Geometry 

4 @ Model 

5 @ Setup 

6 §& Solution 

7 @ Results 


$$$ 
c Close Mechanical. \, | 


a 


Va 


S| SIN] NESTS 
Sas fe 


[3] Double-click Model (or any 
cell below Model) to start up 
Mechanical. | 


\ $$ ____ 


Modal 


[2] From the Toolbox, drag 
Modal and drop here to create a 
prestressed model analysis system. 


Note that, in | 1.1.2[2] (page 390), 2 @ Engineering Data ¥ 4 
we dropped to the Model cell to 3 @) Geometry o 
create an unprestressed modal 4 @ Model ff 
analysis system. \ \ s 
” ‘e5 @ Setup a 
6 §& Solution 74 
Actually, you don't have to close Mechanical Be ter ea 
Modal 


[4] If you leave Mechanical open without closing it [1], then you will see 
the project tree updated right after step [2]. | | 
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fa] Project 
=| {g] Model (A4, B4, C4) 
+ JA Geometry 
+) ya Coordinate Systems 
(+| JA Connections 
J€B Mesh 
=| y{E] Static Structural (A5) 
P's. Analysis Settings 
JB, Fixed Support 
@, Bearing Load A 
J®, Bearing Load B 
/®, Bearing Load C 
/@,, Bearing Load D 
Je. Axial Load at A 
JB, Axial Load at D 
=|.) Solution (A6) 
aad Salution Information 
@® Total Deformation 
JB Equivalent Stress 
=) 2] Modal (B5) 
tse Pre-Stress (None) 
Wa Analysis Settings 
eB, Fixed Support 
=| 1] Solution (B6) 
AX Solution Information 
/&@ Total Deformation / 
Je Total Deformation/4 
JA Total DeformatyA 3 
JB Total Deformytion 4 
JAB Total Defoyhation 5 
Total Deiinmaition 6 


T=® Pre-Stress (Static Structural) 


¥ZQ Analysis Settings 
[=] Sl Solution (C6) 
g¥ Solution informatie ~~ 


ee 


Graphics Annotations Graph 


[6] Turn on Large 
Deflection (see 
10.1.7[3], page 372). | 


Solve 


x 


[7] Highlight 


Modal 2 [8] Click Solve. / 
md 


[5] Now, Static Structural is included as the prestress; 
i.e., all the boundary conditions specified in Static 
Structural are automatically applied to Modal 2. More 
precisely, the stiffness matrix calculated in the Static 
Structural, which includes a stress stiffening effect, will be 
used in Modal 2. Stiffness and mass matrices are the only 
information needed for a modal analysis. 7 


\ 


[9] Highlight Solution 


of Modal 2. \, 


[10] The results show that 
the frequencies have 
limited differences from 
those in | 1.1.4[2] (page 
392), implying that the 
prestress effect may be 
negligible. 


ee LLL 


[Wrap Up 


[11] Save the project and exit Workbench. # 
\ a 
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Section I 1.2 


Two-Story Building 


11.2.1 About the Two-Story Building 


[1] In Section 7.3, we performed a static structural simulation for a two-story building. Under the static loads, the 
deformation and stresses are within the safety margin. Dynamic behavior, however, should be investigated for a case 
like this. 

A structure's fundamental natural frequency is proportional to the structure's stiffness: the higher the frequency, 
the stiffer the structure. The stiffnesses of two structures can be compared using their fundamental frequencies. For a 
structure, stiffnesses in different directions can be compared using the lowest frequencies in the respective directions. 
When we want to reinforce a structure, we should first reinforce the direction which has the lowest frequency. 

Local building codes usually require a minimum frequency so that a building would not be too soft (i.e., not stiff 
enough), both for comfort and safety concerns. In this section, we will perform modal analyses using the two-story 
building model. Prestress is included in the simulation. We will find that the fundamental frequency of the building is 
too low. We then propose a simple solution to improve the stiffness of the building. # 


11.2.2 Resume the Project Building 


's 


[1] Launch Workbench. Open the project Building, which was saved in Section 7.3. / 


\ 


[2] Right-click here and select a % 
Duplicate. We will use the duplicated [5] Double-click Model (or any cell 
system in this section and return to this below) to start up Mechanical. # 


L system in Section 12.3. | \ 


77 Static Structural & 1 


2 @ Engineering Data oS 5 Y 42 @& Engineering Data ae 
3 @) Geometry ae 4 483 @ Geometry o 
4 @ Model ~ a | 4 @ Model eo 
5 R=} Setup o 3 ee Setup 7 4 -@5 7] Setup 7, 
6 ws Solution Fs 6 ws Solution , a 6 @ Solution ? . 
7 @ Results ws 7 @ Results - 7 @ Results T. 
Static Structural Copy of 7 /atic Structural Modal 

[4] A link with a circular connector means that 

[3] From Toolbox, drag the the data is transferred to the new cell; i.e., the 

Modal analysis system and drop to results of static analysis are used as a prestress 


5 Solution of the new system. > for the modal analysis. Tf 
ye 
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11.2.3 Perform Modal Analysis 


a | -| ¥ Context Multiple Systems - Mechanical [ANSYS Academic Teaching introductory - | x 
File | Home Environment Display Selection Automation ~a8@ 
IO x ommands (@images~- oy @ Ly e 
[4] Solve. \ omment [J—Section Plane 
Duplkate Q bear BB Annciation Inertial Structural Tools Views 
(] 
Outline Solver, nsert 
QQ [Ole SE C-FQQ|A| Select KMode- MARABDRRE: & ’ 
Name - sige 
cact* C:Modal 
IB Project Modal 


=) Model (B4, C4) Frequency: N/A 


vk Coordinate Systems 
te} Connections 
JD Mesh 
= fB Static Structural (B5) 
y Hi] Analysis Settings © 


[2] Turn on Large 
~ pares Deflection (see 
Pate. 10.1.7[3], page 372). | 


=) &) Solution (86) ihe, 


(3) Solution Information 

¢@ Total Deformation 

¥@ Macmum Princpal Stress 

¢@® Minimum Prindpal Stress 
& Beam Tool 


*y 8OX Tabular Data ~%0*x 


[3] Highlight 
Modal. {| 


ey iil 


me Pre-Stress (Static Structural) 
via Analysis Settings 
=) yf) Solution (C6) 
05) Solution Information 
Details of “Modal (C5)” ~30~x 
=) Definiton a 
Physics Type | Structural __\|w Graphics Annotations Graph 


[|] Select the in-Ibm- 
Ibf-s unit system. \ 


fie 
rie | Home Solution Display Selection Automation Quich ADB oO 
in ¥ My Computer f =| fh & smed Selection [FP Commands (@) images~ aa] & acy (@] ey B 
_  # Distributed + au * Coordinate Systern Locomment (JB Section Plane us - 
Duplicate . T 
Q Gorcihe = «Chart Gb Asnotatton — User ae oom sai box ici ee 
Outline Insert 
| Outline % Cr*® QQQQ Select %Mode- FID AREAREY 2 as 
Name 
Bh Project* 
| Model (B4, 
Se Geome 
PR Materials 
By & 
Heyin Coordinate Systems 
/® Mesh 
= / DB Static Structural (B5) 
/ HA Analysis Settings i 
oe as [6] Click Frequency to 
Ae Kcdesabon select all frequencies. \. | 
J® Fixed Support > \ 
J®. Pressure 


[7] Right-click- 
select Create 


=) /®) Solution (B6) 
LE) Solution Information 
/® Total Deformation 


Y® Maximum Prindpal Stress = x Mode Shape 
; Graph i me | 
J® Mrimm Prindpal Stress a 
&~/{B) Beam Tool 6 v Frequency [Hz] Results. \. 
=) Modal (C5) 9.5907 : | 
“HN [ipments ' = $4 Copy Cell | 
a — (c6) 25 | | | Create Mode Shape Results () 
i} Solubon In tor 
0. Create Mode Shape Results 
Details of “Solution (C6)" fox 1 2 3 4 5 = 
=| Adaptive 


Max Refi 


[5] Highlight SOIUtION jpemeemenwrtm . 
of Modal. 7 
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res ——_—————s 
| laJ Context Multiple Systems - Mechanical [ANSYS Academic Teaching Introductory 


[10] Select Auto Scale. / a 


| File | Home Result Display Selection Automation (Turning on Large 
i | [FF Commands (@)Images~- 7.e+002 (Auto Scale M ie 
(lx ¥ ad mm | Deflection causes the |= 
: Gicomment [JiSection Plane Scoped Bodies 


licat Solv alysis Geometry C¢ ew 
Oueirate RS PARE? iy Chart Annotation ¥ Large Vertex Contours ie use of True Scale. ‘ati 
: . “ g g . 
Outline Solver, insert Display af 
"A OX QQ [Ole & % [CO -|+ QQ QQ Select RMode~ FT § hee & [Bi Clipboard- 
Name = My 
ect * C:Modal 
Q on Tots! Deformation 
= ( Model (B4, C4) 
Type Total Deformation 
Ewa Seomebiy Frequency. 1.5188 Hz 
AB Materias Unit. in 
+ vie Cross Sections 
Hl--y sk Coordnate Systems 0.057977 Max 
vfs! Connections 0.051535 
yD Mesh 0.045093 
cs Ja Static Structural (B5) 0.038652 
= -Yill Modal (C5) 0.03221 
Ji Pre-Stress (Stabc Stuctural) 0.025768 y 
a ag vi} Analysis Settings 0.019326 
[9] Highlight a S-& Solution (C5) 0.012884 
y(D) Sokution informaton 0 0064419 
mode shape. / He x 
/® Total Deformation 2 
N f /® Total Deformation 3 
@® Total Deformation 4 nt + r 
¥ Graph ~Q0Dx abular Data ~ 20x 
® Total Deformation 5 - ae ; 
7 “ oe 
/® Total Deformaton 6 Animation (>i | |) 20 Frames ~ 2Sec (Auto) ~ GHC —— Iv Frequency (Hz) | 
Details of “Total Deformation ~30*x eo ; 2}2 
ace 2 9.590 3|3 
ss i 4\4 
Scoping Method Geometry Selection 3.75 i | | 5 f 
Geometry All Bodies 6 l6 
= Definition 2 3 4 5 6 — 
Type = | 
Mode . Knnotations aph 
[11] And animate the prrener, s , 121 The | é | 
rey : - 
vibration mode. > [12] The lowest 
7 frequencies. | =4 


re PA = 


Discussion of the Vibration Modes 


[13] The fundamental frequency is |.52 Hz, a vibration in X-direction (this can be observed from the animation). The 
second lowest frequency is 4.09 Hz, a vibration in Z-direction. The third lowest frequency mode is also in X-direction. 
The fourth lowest frequency mode is a torsional vibration in XZ-plane. The fifth and sixth modes are vertical (Y- 
direction) vibrations of the floors. 

A frequency of |.52 Hz is not only uncomfortable but also unsafe. Imagine a group of young people dancing on the 
building's floor. The rhythmic loading of the floor may cause a safety issue, since the tempo of the music is possibly 
close to the building's fundamental frequency. A harmonic response analysis will be conducted to clear up this safety 
issue in Section 12.3. Some local building codes require a structure's natural frequency be larger than 5 Hz if the 
structure is to be used as a dance floor in a venue. 

A simple remedy for the building is to add diagonal members to the weakest direction. Location of the diagonal 
members should be carefully chosen to avoid conflicting with the building's architectural functionalities. # 


11.2.4 Modify the Geometry 


: ad Ss 
c 7 Static Structural — 7] 1 te Modal 
[1] Close Mechanical 21@ Engineering Data 4 4——2 @ Encineering Data ee 
and double-click — Ut aaa s ae 3 @ 7 re 
Geometry to modify 
4 @ Model 4 ga BB Mode! a 
the geometry. | | = 
\ 2 5 Ra) Setup ov —@5 se Setup - . 
6 @@ Solution Ae 6 | @@ Solution  — 
7 @ Results v4 7 @ Results a 
Copy of Static Structural Modal 
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Concept Tools Units View |] 
ieee Lines From Points 
cI Lines From Sketches 
[Fy Lines From Edges 
Wy, 3D Curve 
“« Split Edges 
© Surfaces From Edges 
(J) Surfaces From Sketch 
Ge Surfaces From Faces _ 
ww Detach 

Cross Section > 


[2] Pull-down-select 
Concept/Lines 
From Points. \, 


[4] Click 
Apply. | 


[3] Create 8 line segments. 
This wireframe display is 
made by turning off View/ 

Cross Section Solids. — 


[5] Select Add Frozen. The 
lines are created as separate 
parts because we want to specify 
a different cross section. — [6] Click 
yh Generate. / 


‘Concept Tools Units View 

“se Lines From Points 

c) Lines From Sketches 

() Lines From Edges 

\A, 3D Curve 

“s. Split Edges [7] Pull-down-select 


© Surfaces From Edges Concept/Cross 
9 Surfaces From Sketches SOCElOM/L, SECC NL | sesssensceunsensnsoteeeneuife 


Gt Surfaces From Faces 4 E l 


&, Detach 


Cross Section 


@ Cuculer 
© Cuicular Tube 
f Channel Section 
do | Section 
SL Z Section 
fl, | L Section & 
L T Section 
afi, Hat Section 

{S] Rectangular Tube 
User Integrated 
gf User Defined 


[8] Type dimensions 
for the L4x4x1/2 


angle. . | 
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— 


=|, 2 Cross Sections [11] Select all the parts 
vag I and right-click-select 
L a ey — Form New Part. 
nag ae [9] Select the two Forming a single part 
f: O newly created line means bonding all bodies 
&. bodies. / =). ep 2 Paris. O Badiss L together. / , 


ra , oy 


© Hide Body 9) 
) Hide All Other Bodies (Ctrl+ F9) 


tS) Suppress Body 


| Suppress Surface Bodies 


Suppress Line Bodies 


v Set Default as Share Topology Method for all bodies 


/ N 
[10] Select LI for | ee 
Cross Section. 7 el 1 Part, 9 Bodies — 
Me ) .@® Part 
ss Line Body 
7 : be y (1 Surface Body 
£2 Surface Body 
[12] Expand Part. The part © Surface Body 
consists of 9 bodies. Close oo) (2 Surface Body 
DesignModeler. # -, © Surface Body 
, : y (1 Surface Body 
oo, “» Line Body 


= ~~» Line Body 


x \ 


[1] Double-click Model (or any cell 
below) to start up Mechanical. | 


11.2.5 Return to Modal Analysis 
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2 @ Engineering Data A 
3 @) Geometry 4 483 @ Geometry v, 
4 @ Model 2, 
—@5 @ Setup a 
6 ws Solution Y ar 6 eS Solution x 
7 @ Results wu 7 @ Results Y , 
Copy of Static Structural Modal 


Check the environment conditions every time you modify geometry 


[2] After you modify the geometry, always check environment conditions such as loads and supports. In this case, some 
of the fixed supports are lost; we need to fix them (see [3], next page). We'll delete Acceleration in Static 
Structural branch [4], which represents an earthquake load. We usually don't consider earthquake load as a 
“prestress." We do consider earth gravity as prestress. However, the effect of the prestress on natural frequencies is 
very limited. This is left as an exercise (11.5.2, page 418). | 
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Details of "Fixed Support” Fixed Support 
Tune: 1. s 
Geometry Selection 
BB Feed Serpent 


[3] Highlight Fixed Support in the Static 
Structural environment, reselect the 8 
vertices at the column bases, and click Apply. 
Turn on vertex selection filter if needed. > 
Ks 


(| Project* 

S| Model (B4, C4) 

S JS Geometry 

=p Part 

x ™ Line Body 
x2 Sur face Body 
x Ry Sur face Body 
x2 Surface Body 
‘x 8 Surface Body 
x Ry Sur face Body 
x Ry Sur face Body 
x ™, Line Body 
x ™ Line Body © 

{Qj Materials 

y@® Cross Sections 


[4] Highlight the two 
newly created line 
bodies. | 


+) Graphics Properties 


| Definition 
Suppressed No 
Stiffness Behavior Flexible 


Coordinate System Default Coordinate System 
Reference Temperature | By Environment 
Cross Section Lt 


Offset Mode Refresh on Update 


Offset Type Centroid 
Model Type Beam 
(=|, Matenal 
CEST Structural Stee! >| 
Nonlinear Effects Yes 


Thermal Strain Effects | Yes 
+) Bounding Box 
+| Properties 


| 
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A: Static Structural (ANSYS) 


A Ql Static Structural (BS) 
/ Analysis Settings 


Ji Standard Earth Gravity 
“a 


Je, Fixed Support 


J? Pressure 
, —r li 


= t awen citi le Sele io S—<—<—<$<— 

[5] And select Structural 
Steel for the material 

assignment. | 


[6] Right-click 
Acceleration and select 
Delete. Note that, in 
| 1.2.3, we could have deleted 
Acceleration; we didn't do 
that because the results 
would have almost no 
differences. < 


Solve 


[7] Highlight Modal 
and click Solve. J 
“me 


Section | 1.2 Two-Story Building 401 


| Context Multiple Systems - Mechanical [ANSYS Academic Teaching Introductory} - 8 X 
File | Home Result Display Selection Automation A @| 
= oO t EE Commands (@)images~ 6.Se+002 (Auto Scale) ee =| Sa fad Probe = z Ee 
L Bl x Cicomment (f§Section Plane Scoped Bodies . fp Maximum 
Duplicate Solve Analysis : Geometry Contours Ed ; Vecto Ca ped Views 
= Q ra - at ii Chart BB Annetation ¥ Large Vertex Contours E ¥ 2 oe Minimum oheiey- sao. ace = _ 
Outline Solver; Insert Display 
a ens IeET QQ |e & “2 |\C-l+ QQ QQ Select KMode~ FT HEHE B B & & (Gi Clipboard - 
Name . » ae 
: C: Modal 
7 Sect 
a “e ss a eis * Total Deformation 
Fd Peed vs Type: Tatal Deformation 
/& Connections Frequency. 4.076 Hz 
Sa vem Unit: in 
©) Static Structural (85) 
v HH Analysis Settings 0.061294 Max 
vi Standard Earth Gravity 0.054484 
7B, Fixed Support 0.087673 
J®. Pressure 0.040863 
B Y® Solution (86) 0.034052 
vt Saluton Informabon 0.027242 
J® Tota Deformation 0020431 
J® Maximum Princpal Stress 0.013621 
/® Monimum Principal Stress 0.00681 05 y 


0 Min 


vive Pre-Stress (Stabe Structural) 
vii] Analysis Settings 

vf Solution (C6) 

vo} Seton Information 


/ 
[8] Select the 


first mode. \, 
te 


) 

/%® Total Deformaton 2 
@B Total Deformaton 3 Animation 
/® Total Deformation 4 
_/® Total Deformation 5 
/® Total Deformation 6 


7 8OX Tabular Data ~8Ox| 
Je [GRD 20trames ~|2Sec (Auto) ~ BB > _|Model[y Frequency [rte] 5 


Graph 


¥ 


Details of “Total Deformation’ ~§O0~x 

= Scope A 
Scoping Method Geometry Selection 
Geometry All Bodies 

= Definrton 


Type Total Deformation Ps 


[10] Click Play to animate the 

first mode. Now, Z-direction is 
the weakest direction. | 

\ a 


[9] The 1.52 Hz mode (11.2.3[13], page 
397) disappears. The structure's stiffness 
is improved. The building now has a 
fundamental frequency of 4.1 Hz. <— 


Discussion 


[1 1] After the reinforcement of X-direction, Z-direction now becomes the weakest direction [10]. If we want to 
further improve the structure's stiffness, we may add bracing members in the Z-direction. This is left as an exercise 
(11.5.2, page 418). | 


Wrap Up 
[12] Save the project and exit Workbench. # 
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Section | 1.3 


Compact Disk 


Natural Frequencies (Hz) 


0 6000 12000 18000 24000 30000 
Rotational Speed (rpm) 


11.3.1 About the Compact Disk 


[2] The CD is made of 
a polycarbonate (PC) 


[1] A CD is made of a polycarbonate (PC) [2], with density 1200 kg/m’, plastic. # 


Young’s modulus 2.2 GPa, Poisson's ratio 0.37, and tensile strength 65 MPa. 
The outer diameter is 120 mm, the inner (hole) diameter is 15 mm, and the 
thickness is 1.2 mm. For a 52x CD drive, the maximum rotational speed 
reaches 27,500 rpm (458 Hz) when reading the inner trackslRef !, 

The television series MythBusters conducted experiments!®e 2-4] jn 
which they succeeded in shattering CDs at speeds of 23,000 rpm. When 
conducting the experiments, they press the CD between two nuts, which 
are 27 mm in diameterlRef 5], 

In this section, we first want to find out the maximum stress in the CD 
due to the centrifugal force when rotating in 27,500 rpm, to justify that the 
shattering may not be due to the centrifugal stress. 

Second, we want to find the natural frequencies of the CD to investigate 
the possibility of resonant vibrations. We will conclude that the CD 
shattering may be due to sustaining vibrations rather than centrifugal stress. 
Also, we want to demonstrate that the natural frequencies increase with 
increasing rotational speed. > 


11.3.2 Start Up a New Project 


\ 
[2] Create a Static 
Structural analysis 
system. | 


aad Kes. 


77 Static Structural 


[1] Launch Workbench. Save the project as CD. 
Create a Static Structural analysis system [2]. al 
Use SI as the project units. Double-click t v ican 
Engineering Data [3] and create a new material 4 @ Model 
with the name PC ([4], next page). Input the material 5 @@ Setup 
properties: a density (1200 kg/m?), a Young's modulus 6 @& Solution 
(2.2 GPa), and a Poisson's ratio (0.37) [5-7]. Click 7\@ Results 
Project to return to Project Schematic [8]. — 

Static Structural 


i Engineering Data 


ho 


og) | eR) . ED 


‘ 
[3] Double-click 
Engineering Data. | 
/ 


ogi) | og) | ag) 
& 


ee 


veer 
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\ [8] Click Project. # 


/ 


[5] Double-click to 
include Density. / 


*s 
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ne, 


[4] Type PC for the 
new material. <— 


sject | A2:EngineeringData X 


i Filter Engineering Data iJ Engineering Data Sour: 


| ~ q Sine of Schematic A2: Engineering Data i" ' ~ a x 
© Physical Properties A D 

Y] Density O 1 Contents of Engineering Data _// Description 

3 Isotropic Secant Coefficient of Ther ; o Mate == fe 

3] Orthotropic Secant Coefficient of Tt | [7] Type 1200 (kg/m?) for Density 
GZ] Isotropic Instantaneous Coefficien 3 % Structural Steg 


Orthotropic Instantaneous Coeffici 


OA? 


Linear Elastic 


a) 


| Isotropic Elasticty 
| Orthotropic Elastiaty 


2 


2.2e9 (Pa) for Young's Modulus, 
and 0.37 for Poisson's Ratio. 
Note that the unit system is SI. <— 


G2 Anisotropic Elasticty| | 
Hyperelastic Experim| ital Data A Kea} 
™ : i | 1 Property | Value Unit had (Be 
a ' 2 {] Material Field Variables Table 
[6] Double-click to ~ - 
: . 3 FA Density 1200 kg m*-3 
include Isotropic = z 
Myce 4 =| | Isotropic Elasticity 
Elasticity. — | - 
q 5 Derive from Young's Modulus and Poisson's Ratio Bd 
Life 6 Young's Modulus 2.26409 O Pa 
Strength | wl Poisson's Ratio 0.37 O . 
eS TT TS TTT TT TTT TT TTT TTS T Te eT TTT TST Tee TT TTT TT Te rrr TSS Tt Tee tt? t1 
Gasket 8 Bulk Modulus 2.8205€ +09 Pa 
; ; Shear Modul .G292E +08 P 
Viscoelastic Test Data ? Se ee : : 
—gy———————————— rs 


11.3.3 Create Geometry in DesignModeler 


6 


[!] Start up DesignModeler. Select Millimeter as the length unit. Draw a sketch on 
XY Plane as shown in [2]. Pull-down-select Concept/Surfaces From 
Sketches to create a surface body from the sketch [3]. Close DesignModeler. | 


\ 


D120 


ye \ 


[3] Create a surface body 
of thickness |.2 mm using 


Details View 
Details of SurfaceSk1 


~~ Sufface Fiom Sketches | SufaceSkl 
7} \ | EE a] | comenperturtce 
ging Oat Wik Fis Naar 
ae \ Thickness (>=0) 1.2 mm O 
seeccedeccecccscceccsscescscecscsauens ace eeeeeeceseses we 
Ve i » 
\ 027 : / 
\ 4 
\, : a ae 
\ : y 
7 r 
a 


. 


[2] Create a sketch like this. Note that 
the inner diameter is 27 mm, which is 
the diameter of the nuts pressing on 
the CD (see | 1.3.I[I], last page). 7 


X\ —EEEEEEEa 
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1.3.4 Assess Centrifugal Stress 


{ 


[1] Start up Mechanical. Select the unit system mm-kg-N-s. Assign the material PC for the surface body [2]. 
Specify 2.0 (mm) for the maximum element size [3] and generate mesh. / 


\ 


Details of "Surtace Body” 


Graphics Properties 


[2] Assign PC for 
the surface body. > 


Details of "Mesh" 

-| Display 
Display Style 

-| Defaults 
Physics Preference | Mechanical 


Use Geometry Setting 


Program Controlled 


Element Order 


2.0 mm 


+) Sizing 
+) Quality 
+) Inflation 
+) Advanced 
=) Statistics 
Nodes 3575 


Elements 3467 


= 
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Element Size. a 


i 


3] Specify 2.0 (mm) for 


at 
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{ 


[4] Select the inner rim and insert a Fixed Support [5]. Insert an Inertial/Rotational Velocity load and type 
27,500 (RPM) for Z Component [6-7]. Insert a Maximum Principal Stress [8] and solve the model [9]. / 


\ / 


A: Static Structural 
Fixed Support 
Time: 1. s 


Details of "Fixed Support" 


() Fixed Support 


[5] Select the inner rim as Fixed 
Support. Note that the CD is pressed by 
two nuts which have a diameter of 27 mm 
(see 11.3.1[1], page 402). | 


[6] Insert a Inertia/ 
Rotational Velocity. | 


nertial 
A: Static Structural 
Rotational Velocity 
| Tone: 1.s 


Rotational Velocity: 27500 RPM , 
Rotation: 0.,0.,27500 RPM 
Location: 0.,0.,0. mn 


Details of "Rotational Velocity” 


F]| Scope [7] Select RPM as the unit of 
Scoping Method | Geometry Selection angular velocity (by opening the 
Geometry All Bodies units menu, see 3.1.5[6], page | | 3) 

)| Definition and type 27500 (RPM) for Z 


Comet 0 
Cocudinate System | Global Cooudinate System 
0 RPM Gared 


¥ Component |0. RPM (Gamped) 


CEERI 2500 eM cored 


Component. This applies on the 
entire model. \, 


‘] Project 
=| {gB] Model (A4) 
=| Geometry 
x ® Surface Body 
+)y Coordinate Systems 
ta Mesh 4 ‘ 
=| -y{=] Static Structural (A5) [8] Insert a Maximum 


WA Ta] ; e ° 
al eee Principal Stress. — 
JB, Fixed Support 


JG. Rotational Velocity 
2g =| ya] Solution (A6) 
[9] Solve. J ¥ 4] Solution Information 
a | Raa 
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[10] The maximum tensile stress is about 
20 MPa [11], which occurs at the inner 
rim as expected and is far less than the 
material's tensile strength (65 MPa). It is 
unlikely that the CD shatters due to the 
tensile stress, unless some defects already 


exist in the CD before the experiments. 

As the next step, let's assess the 
CD's natural frequencies under the 
prestress caused by the high-speed 
spinning. > 


A: Static Structural 
Maximum Principal Stress 


Type: Maximum Principal Stress - Top/Bottom 


Unit: MPa 
Time: 1 


~ 20.209 Max 
E} 18536 
16.864 
15.191 
13.518 
| 11.845 
| 10173 
8.5001 
6.8274 
5.1547 Min 


11.3.5 Assess Natural Frequencies 


f 


[11] The maximum 
tensile stress is 
about 20 MPa. # 


[|] Close Mechanical. From Toolbox, drag-and-drop the Modal analysis system to the Solution cell of Static 
Structural [2]. Start up Mechanical by double-clicking any cells other than Engineering Data or Geometry. 
Turn on Large Deflection [3]. Highlight Modal and solve the model [4]. The lowest frequency [5] is close to the 
maximum of the operational frequencies (2,7500 rpm, or 458 Hz), which may resonate the CD and may cause damage. 
Let's look into this issue of resonant vibrations more thoroughly. We'll assess the prestressed natural frequencies 
for a range of possible operational speeds, from 0 to 30,000 rpm. /“ 


\. 


a 
[2] From Toolbox, drag-and- 
drop the Modal analysis 


system here. | 2 |@ Engineering Data ov 
\ 3 @) Geometry v 
v 
ov 
6 | @& Solution Y 
Ql] Project 7 @ Results / 
=! |g] Model (A4, B4) 
ie) Ap Geometry Static Structural 
+ yok Coordinate Systems 
ie] Mesh ai. © 
¥ 
=] Static Structural (A5 
148 say ee [3] Turn on Large 
vi. Analysis Settings Deflecti | 
/@, Rotational Velocity ine eneren | 
Je, Fixed Support its 2 
=| [ia] Solution (A6) x 
Ag] Solution Information 4 4 
{| Maximum Principal Stress [4] Highlight Modal 5 | 
= Modal (B5) and solve the model. | 6 | 


Yt Pre-Stress (Static Structural) 
Wa Analysis Settings 
) (ga) Solution (B6) 
Ai] Solution Information 


ee 


~ A 


1 77 Static Structural 


Z 


[5] The results show that resonant vibrations are possible. 
Create mode shape results for these frequencies and animate 
each mode shape (remember to set to Auto Scale). # 


os 


@Seismicisolation 


| Mode ||v_ Frequency [Hz) 


We Wh = 


v B 


| 


ee @ Engineering Data Y 

sa 3 GD Geometry “ae 

a @& Model oF 

x —@ 5 | @® Setup wo 

all 6 ws Solution 2? > 

e 7 @ Results a 
Modal 
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11.3.6 Assess Natural Frequencies over the Range of Rotational Speeds 


i] Project 
=) [i] Model (A4, B4) J Project Gi) Project 
+) ARB Geometry = ie Model (A4, B4) = QI) Model (A4, B4) 
+) x Coordinate Systems +) ABD Geometry + {8B Geometry 
Jf Mesh + ee" Coordinate Systems + ya Coordinate Systems 
= “S Static Structural (A5) ASD Mesh AGB Mesh 
al Analysis Settings +) 7 =| Static Structural (A5) + a= Static Structural (AS) 
"1, Rotational iiglocty i@) =| (9) Modal (B5) =|) Modal (B5) 
JB, Fixed Support Jie Pre-Stress (Static Structural) Jie Pre-Stress (Static Structural) 
=| AG) Solution (A6) JA Analysis Settings JN Analysis Settings 
A Solution Information I , | Solution (B6) = /@i Solution (B6) 
J&B Maximum Prindpal Stress Aj) Solution Information _A4] Solution Information 
Shy }) Modal (B5) JAS Total Deformation O 8 Total Deformation 
T= Pre-Stress (Static Structural) JS Total Deformation 2 /J& O 
"A Analysis Settings J&B Total Deformation 3 J&B Total Deformation 3 
= “el Solution (B6) J&® Total Deformation 4 J Total Deformation 4 
Ad) Solution Information JS Total Deformation 5 /& Total Deformation 5 
JS Total Deformation JS Total Deformation 6 JS Total Deformation 6 
JS Total Deformation 2 
JB Total Deformation 3 
J Total Deformation 4 
J Total Deformation 5 | 
J® Total Deformation 6 Scoping Method Geometry Selection 
Geome All Bodies 
]| Scope 
Scoping Method | Geometry Selection 
| Geometry | All Bodies 
=]| Definition 
Define By Components 


Coordinate System | Globel Coozdinate System 
X Component |0. RPM (amped) 
0. RPM Gamped) 


551.29 mm 


[1] Highlight Rotational [2] Highlight Total [3] Highlight Total 
Velocity and select Z Deformation (the first Deformation 2 (the second 
Component as an input mode) and select Frequency mode) and select Frequency 


parameter. > as an output parameter. —> as an output parameter. | 
\ # ® J 


_ Engineering Data v 4 @® Engineering Data a" 
3 @) Geometry Y ,——48 3 @ Geometry Y , 
4 @ Model 4 gat BS Model Ps 
5 @@ Setup Y a —@5 @ Setup Y , 
6 ws Solution v st 6 ws Solution a 
7 @ Results o 4 7 @ Results Y, 


-—>» 8 (pJ Parameters 8 (bd Parameters 


Modal 


Static Structural 
a 
[4] Close Mechanical 
and double-click 
Parameter Set. J 
y, 
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Table of Design Points Units Extensions Jobs Help 


A, C | D — SI (kg,m,s,K,A,N,V) 
_ ic Cidiaiea P2-Total § | P3-Total i 
pe Deformation Deformation 2 Metric (tonne,mm,s,°C,mA,N,mV) 
: aa a ans z t Reported Be Reported US On (bm, in,s,°F,A,lbf,V) 
oe Frequency Frequency ca clade 
2 Units mena © | Hz Hz U.S.Engineering (Ib, in,s,R,A,lbf,V) 
3 DP 0 (Current) | 452.65 528.25 1 (m, degree) 
“= | =e F 4 DesignModeler Unit System (mm, degree) 
i 5 T DP 2 # Display Values as Defined © 
6 | DPB r Display Values in Project Units 
> | pee — ¥ Unit Systems... 
8 DP 5 
_# [5] Make sure the unit is rev 
10 | OP? min“ -I (i.e., RPM; if it is not, 
11 | DP8 see [6]). Type eleven additional [6] If the unit of eon 
12 |oP9 Design Points. Note that we velocity is not rev min’-I (i.e., 
13. | DP 10 type a small value for the first RPM), turn on Units/ Display 
= eee design point, since zero value is Values as Defined. | 


not allowed. > 


/ ? Update All Design Points 


[7] Click Update All 
Design Points. | 


. 
Cc | D 
P2 - Total 


[8] Now, we use these 
results to plot a chart 
on the next page. _ | 
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[9] The data [8] (last page) are plotted in a chart as shown [10-11], which shows that the CD may be resonated when 
the rotational speed reaches about 25000 rpm [12-13]. The excitation may in turn cause damage. 
According to these studies, we may conclude that the CD shattering in the experiments conducted by the TV 


series Mythbusters is probably due to resonant vibration effects, rather than the centrifugal stress. 
A real CD drive usually provides supports for the CD, to reduce the vibrations as well as the radial deformations; 
therefore, the vibrations may not occur in a real CD drive. | 


500 
. [13] The CD may be resonated 
[11] The second i and cause damage when the 
400 lowest natural ; rotational speed reaches about 
frequency. \, 25,000 rpm. / 
es 
— 
® 300 
e 
S 
o 
uc [12] This is the "line of 
7 200 “A resonance," which has a slope 
2 of unity (note that 30,000 rpm 
rd in the horizontal axis is equal to 


500 Hz in the vertical axis). 
100 | [10] The lowest natural Frequencies falling on this line 
frequency (also known as the will resonate the CD. 7 
fundamental frequency). 1 


0 
0 6000 12000 18000 24000 30000 
Rotational Speed (rpm) 
™ 
Wrap Up 


[14] Save the project and exit Workbench. # 
\ a 


References 


Wikipedia>Optical disc drive 
https://www.youtube.com/watch?v=g7puuZlh-oM 
Wikipedia>MythBusters (2003 season)>Episode 2.3 Exploding CDs. 


https://www.youtube.com/watch?v=zs7x | Hu29Wc 

Acknowledgement: Thanks to Professor Per Blomqvist of the University of Gavle in Sweden, who pointed out this 
fact and suggested a more realistic simulation of this exercise. In the earlier versions of the book, | assumed that 
the CD was fixed in the inner rim, which has a diameter of 15 mm. 
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Section | 1.4 


Guitar String 


Fundamental Frequency (Hz) 


This section introduces the physics of music. When designing or improving a musical instrument, an engineer must know 
the physics of music. Likewise, to fully appreciate the theory of music, a musician needs to know the physics behind the 
music. 

We will use a guitar string to demonstrate some of the physics of music in this section and Section |2.5. For those 
students who are not interested in music theory, you may read only | 1.4.1 to 11.4.3 (pages 410-413) and skip the rest of 
the material in this section. On the other hand, if you want to introduce this article to a friend who does not have 
enough background in modal analyses, he may skip 11.4.1 and 11.4.2 and jump to | 1.4.3 (page 413) directly. 


11.4.1 About the Guitar String 


[1] The guitar string in our case is made of steel, which has a mass density of 7850 kg/m?, a Young's modulus of 200 GPa, 
and a Poisson's ratio of 0.3. It has a circular cross section of diameter 0.28 mm and a length of 1.0 m. The string is 
stretched with a tension T, and is in tune with a standard A note (Ia), which is defined as 440 Hz in modern music. In 
| 1.4.2, we will perform a modal analysis to find the required tension T. 

Before performing the simulation, let's make some simple calculations. According to physics, the wave traveling on 
a string has a speed of 


7 
v=,/— (1) 
U 
Where p is the linear density (kg/m) of the string. The standing wave corresponding to the lowest frequency is called 
the first harmonic mode, which has a wavelength of twice the string length (2L). According to the relation between the 
velocity, the frequency, and the wavelength, 
vee 


“4 S 


f 


According to (I) and (2), we can estimate the required tension, 


2 
me )-(2x 440 x10) = 374.32 N 


2 
T = u(2fL) = 7850x 


[1.4.2 Perform Modal Analysis 


ri 

[1] Launch Workbench. Save the project as String. Create a Static Structural system. Drag-and-drop the 
Modal analysis system to the Solution cell of the Static Structural system. In Engineering Data, make sure 
the material properties for Structural Steel are consistent with those of the guitar string given in | 1.4.1 (a mass 
density of 7850 kg/m?, a Young's modulus of 200 GPa, and a Poisson's ratio of 0.3). 

Start up DesignModeler. Select Millimeter as the length unit. On XYPlane, draw a line of 1000 mm on X-axis. 

Create a line body from the sketch. Create a circular cross section of radius 0.14 mm, and assign the cross section to 
the line body. Close DesignModeler. , | 


~ 
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Sy 
[2] Start up Mechanical. Make sure the unit system is mm-kg-N-s. 


Under Static Structural, specify environment conditions [3]:a Fixed 
Support [4],a Displacement [5], and a Force [6]. Now, there should 
be no rigid body modes. / 


A: Static Structural * 
Static Structural 
Time: 1.5 

— —__$§| 


Force: 374.32 N 
~ Displacement [3] The environment 


[i] Fixed Support ] conditions (see [4-6]). | y 


XX | 
i. x 
| 


Details of “Fixed Support” 


[4] At the left end, all [7] In Analysis Settings of 
1 Vertex = 6 degrees of freedom Modal, type |2 for Max Modes 
=| Definition are fixed. | to Find. | 


Details of "Analysis Settings” 


= Limit Seeuch to Range | No 


Spin Softening Program Contolled 
= Boer Ctl 
Demped |No 
| Solver Type | Program Contlled 
| Rotondynamics Coatrols 
| Outpat Coatols 


Analysis Data Management 


Coordinate System | Global Coordinate System —$<@ i es, 
re 
eam im pat pana | 
n' . WIN ° 
O Y- and Z-translational 


degrees of freedom are 
fixed. | 


a 


oC 
[8] Turn on 
Large 

Deflection 

(1 1.3.5[3], page 

406). Perform a 

modal analysis. 

(Remember to 


Scoping Method | Geometry Selection 
Geomety 
Definition 


Fouce 


Global Cooudinate System 


—$—$—_____ x, 
[6] At the right end, apply a 


Coowdinate System 


force of 374.32 N (see Eq. oo 
| 1.4.1(3), last page). 7 odel.) | 


No 


Suppressed 


[9] The results of the modal analysis [8] show that the lowest frequency is not exactly 440 Hz. It slightly deviates from 


what we've predicted using Eq. | 1.4.1 (3), last page. The main reason is that when applying the tension, the length of the 
string increases (about 30 mm). Another reason is due to the use of beam model, which is slightly different from the 
pure tension-only model used in our hand-calculation. , | 
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[10] After several trial-and-errors (try this on your own), we come up with a tension of 387.16 N [11] that exactly 
produces a fundamental frequency of 440 Hz [12]. 

As expected, the frequencies [12] include 440 Hz, 880 Hz, 1320 Hz, | 760 Hz, 2200 Hz (which are all integral 
multiplications of the fundamental frequency, 440 Hz), with negligible numerical errors. Before we discuss these 
"harmonic modes" in | 1.4.3 (next page), let's take a look at those non-harmonic modes first. 


The third mode (800.8 Hz) is a rotation mode in X-direction [13-14]. In the real-world, it exists, but its magnitude 
is usually very small, and our ears hardly sense it since the air pressure is hard to be excited in this way. 

The sixth mode (1241.3 Hz) is a stretching mode [15], visible in an animation. In the real-world, it exists too, but 
again, we hardly sense it since the air pressure is hard to be excited in this way. /“ 


Details of "Force" 

E]| Scope 

Scoping Wat 

Geometry 

| Definition 

Type Fowce 

Dain By 

Cooudinate Systern | Global Coondinate System 

| Diente tte 307.16N Gamped) O 
¥ Component | 0. N (amped) 


Z Component (0. N (amped) 


& Tabular Data 


a \ 


[12] The results of 
the modal analysis 
after "tuning" the 
string. Create mode 
shape results. | 


[| 1] Change the 
force to 387.16 N. 
Solve again. > 


Suppuessed No * 
——e——— 
| i: 
a. 
/ ‘ [13] We first examine some 
[14] The third mode shape can be deceptive. All numerical trivial modes. Highlight 
values are essentially zeros (the nonzero values are numerical Total Deformation 3, 
B:Modal errors). It is simply a straight line. The mode is the rotation turn off Display/Thick 
Type Total Deformation in X-direction; it is a rotation mode. We could have fixed X- Shells and Beams, and 
equen ‘. ° . 
Unit men rotation at both ends to avoid this mode. | select Auto Scale for a 
5.03886-12 Max \ better view of the results. <— 
me 44789e-12 
3919e-12 | a 
3.3592e-12 
1 2.7993e-12 
| 2.2395e-12 i ee 
5 5986e-13 a El Solu ion ( ) 
OMin yt) Solution Information 
y%® Total Deformation 
~@ Total Deformation 2 
y®@ Total Deformabo 
/® Total Deformation 4 
a /%®B Total Deformation 5 
B: Modal 
eral [15] The sixth mode is a J® Tota Deformation 6 
2034.9 Man NM /®@ Total Deformation 8 
1808 8 y® Total Deformation 9 
15827 
13566 y®@ Total Deformation 10 
11305 
904.41 y® Total Deformaton 11 
4522 | . y® Total Deformation 12 


ar mm 
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11.4.3 Harmonic Series 


[1] A harmonic mode has a frequency that is an integral multiplication of the fundamental frequency. The first 5 
harmonic modes of the guitar string are shown below [2-6]. 

If you pluck a string, you will produce a tone made up of all harmonic modes. Although all the plucks produce the 
same note (in this case, note A), the harmonic mixes determine the quality of the note. If you pluck the string near the 
midpoint of the string, you will produce a tone dominated by the first harmonic [2]. If you pluck the string near the 
quarter point (in a guitar, that is near the sound hole), you will produce a tone dominated by the second harmonic [3]. 
And so forth. You can produce an "overtone" (a tone made up of harmonics that are all above the fundamental mode) 


by touching the string lightly at the midpoint and, at the same time, plucking the string; the first harmonic mode will be 
suppressed. You can produce other overtones in a similar way. 

Different musical instruments generate tones that have different harmonic mixes. A trumpet usually produces 
much higher harmonics in its frequency spectrum. This gives the trumpet a "brassy" sound. A flute usually produces a 
tone dominated by the first harmonic with almost no higher harmonics. This gives the flute a unique "pure" sound. 

Knowing these physics, an engineer should be able to produce sounds of any musical instruments (including human 
voices) using a frequency-generating device. \, 


[2] The first harmonic mode 
Type: roel etenatn GO = (modes l or 2) has no nodes 
ee 440. Hz between the two ends. | 


[3] The second harmonic mode 
Type: Total Deformation << __ (modes 4 or 5) has one node 
svete) Se) between the two ends. | 


Unit: mm 


| [4] The third harmonic mode 
ad resp ———, (modes 7 or 8) has two nodes 
ait ea between the two ends. | 


Unit: mn 


| [5] The fourth harmonic mode 
as La ie (modes 9 or 10) has three nodes 
ee between the two ends. | 


Unit: mn 


[6] The fifth harmonic mode 


ee (modes || or 12) has four 
ype: 10 erormmanon 
Frequency: 2200.5 Hz ~ nodes between the two ends. # 


Unit: mn 
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11.4.4 Just Tuning SystemlRef !] 


[1] Why do some notes sound pleasing to our ears when played together, while others do not? We know from the 
experience that when two notes have a simple frequency ratio, they sound harmonious with each other. The simpler 
the ratio, the more harmonious it sounds; we'll explain this in | 1.4.6 (page 416). 

In Western music, an 8-tone musical scale has traditionally been used. When learning to sing, we identify the eight 
tones in the scale by the syllables do, re, mi, fa, sol, Ia, ti, do. For a C-major scale in a piano, there are 8 white keys from a 
C to the higher pitch of C [2]. The two C’s have a frequency ratio of 2:1, and are said to be an octave apart. If we play 
two notes an octave apart, they sound very similar. In fact, we often have difficulty telling the difference between two 
notes an octave apart. This is because, except for the fundamental harmonic of the lower note, two notes have most of 
the same higher harmonics. 

For the following discussion, let's arbitrarily assume the frequency of the lower pitch C as |. (In a modern piano, the 
middle C has a frequency of 261.63 Hz; see | 1.4.5[2], next page.) Then the frequency of the higher pitch C is 2. Before 
being replaced by the "equal temperament” (1 1.4.5) in the early 20th century, the "just tuning” systems prevailed in the 
music world. In a just tuning music system, the frequencies of the notes between the 2 C's are chosen according to the 
"simple ratio" rule, in order to be harmonious to each other. They are summarized in [3]. Note that we didn't show 
the frequency ratios for the black keys (the semitones) to simplify our discussion. 

Now, you can appreciate that if we play the notes do and sol together, the sound is pleasing to our ears, since they 
have the simplest frequency ratio between | and 2. You also can appreciate that the major cord C consists of the notes 
do, me, sol, do, the simplest frequency ratios (but not too "close," to avoid beats; see | 1.4.6, page 416) between | and 2. 

The problem of the just tuning system is that it is almost impossible to play in another key. For example, when we 
play in D key, then the frequency ratio between D and its fifth (A) is no longer 3/2. Instead, the frequency ratio is an 
awkward 40/27; the two notes are not harmonious enough any more. / 


[2] There are 8 notes — 
across an octave. > | 


15 [3] The frequency ratios in a 
8 "just tuning" system. # 


11.4.5 Twelve-Tone Equally Tempered Tuning Systeml®ef 2] 


[1] Modern Western music is dominated by a |2-tone equally tempered tuning system, or simply equal temperament. The 
idea is to compromise the frequency ratios between the notes, so that they can be played in different keys. In this 
system, an octave is equally divided into |2 tones (including semitones) in logarithmic scale. In other words, the 
adjacent tones have a frequency ratio of 2!"2, or 1.05946. For example, the frequency ratio between the C* and the C is 


2!"2. the frequency ratio between an A and the lower C is pis According to this idea, frequencies of the notes can be 
calculated and listed in [2], next page. For comparison, we also list the frequencies of the notes in the just tuning 
system. The data in the table are plotted into a chart as shown in [3-4]. The compromised frequencies are close 
enough to the just tuning system that most musicians have been satisfied with this system for centuries. | | 
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Frequency 


ee ee 
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cee Pane 
7 co 
7 ee 
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|e | oso | | mae 


frequencies of 
the notes. / 


[3] The frequencies in the 
just tuning system are 
marked by small circles. — 


[4] The frequencies of the notes 
in the equal temperament 
system are plotted as a solid 
curve. # 
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11.4.6 Beat FrequencylRe's 3.41 


[1] Back to the question in the beginning of | 1.4.4[1], page 414:Why do some notes sound pleasing to our ears when 
played together, while others do not? Why does a simple frequency ratio imply a harmonious sound? To explain this, 
another physical phenomenon called beats is at work. 

When two waves of different frequencies are combined, they interfere with each other. When they are in phase, 
the combined wave has a large amplitude. When they are out of phase, the amplitude becomes smaller. This fluctuation 
in amplitude of the combined wave is called beats, and the frequency is called the beat frequency. 

The beat frequency is equal to the frequency difference of the two waves. If the two notes are very close in 
frequency, the beat frequency is slow enough to be heard as a variation in amplitude, that is, you can hear the sound 
getting louder and softer in a repetitive pattern. This effect can be useful in tuning a musical instrument, since the beats 
disappear when two frequencies are in tune. 

What happens when we play C and D together? The beat frequency is 32.03 Hz (293.66 - 261.63, see | 1.4.5[2], last 
page), which is large enough that we hear a harsh buzz, which is unpleasant for our ears. In music, however, a dissonant 
sound is sometimes used to produce desired effects, for example, a sad mood. 

What happens when we play C and G together? The beat frequency is 130.37 Hz (392.00 - 261.63, see | 1.4.5[2], 
last page), which is very close to one half of the middle C (261.63 Hz). In other words, the beat frequency is an octave 
below middle C. Therefore, it fits nicely within a chord containing C and G. Thus, beats can explain the harmony when 
we play major chords. | 


Wrap Up 


[2] Save the project and exit Workbench. # 
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Wikipedia>Equal Temperament. 
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Griffith, W.T., The Physics of Everyday Phenomena, Fourth Edition, McGraw-Hill, 2004. 
http://plasticity.szynalski.com/tone-generator.htm 
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Section 11.5 


Review 


11.5.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. (  ) Dynamic Behavior 6. ( _ ) Natural Frequencies 

2. ( _ ) FreeVibration 7. (_ ) Rigid Body Modes 

3. (__) Fundamental Natural Frequency 8. ( __) Structural Dynamic Analysis 
4. (__ ) Harmonic Mode 9. ( _ ) Transient Structural Analysis 
5. ( —_ ) Modal Analysis 

Answers: 


l(B) 2(E)3(G) 4(1)5(C) 6(F) 72(H) & (A) 9(D) 


List of Descriptions 


(A) Technique used to determine the dynamic behavior of a structure. 
(B ) Includes vibration characteristics, effect of harmonic loads, and effect of general time-varying loads. 


(CC) A dynamic analysis to investigate the vibration characteristics, specifically the frequencies and shapes, of a 
structure without any time-varying loads. The frequencies are called natural frequencies. 


(D) A dynamic analysis to investigate the response of a structure under general time-varying loads. 

(E ) The vibration of a structure without any external forces. 

(F ) The frequencies corresponding to free vibrations. 

(G)_ The lowest frequency of free vibration. 

(H) They have infinite period, or, equivalently, zero frequencies. In general, these modes should not be present. 


(1 ) It has a frequency that is an integer multiple of the fundamental frequency. 
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11.5.2 Additional Workbench Exercises 


Gravity Is Negligible When Evaluating Frequencies of the Two-Story Building 


In 11.2.5[2] (page 399), we mentioned that the earth's gravity affects natural frequencies of the two-story building very 
little. Verify this. 


Improving the Stiffness of the Two-Story Building 


In 11.2.5[9] (page 401), we mentioned that if we want to further improve the structure's solidity, we may add bracing 
members in the Z-direction. Implement this idea. 


Model Airplane Wing 


A wing of a model airplane is detailed in the ANSYS Help SystemlRef , Carry out the modal analysis for the airplane 
wing. How do you stiffen the wing further without increasing the weight? 


Reference 


|. ANSYS Help//Mechanical APDL//Mechanical APDL Introductory Tutorials//8. Modal Tutorial 
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Transient Structural Simulations 


In the real world, all loads are time-varying, so are the structural responses. For example, imagine that you hang a block 
on a spring and slowly release it. The force on the spring increases gradually from zero until it reaches the weight of the 
block, and then the block moves up and down for a while, and finally steadies at a certain position, due to the damping of 
the system. To know the whole process, you need to perform a dynamic simulation. If you are concerned about only the 
final state (final position), called the steady state, of the response, a static simulation is adequate. The response before the 
steady state is called a transient state. A situation where a dynamic simulation can be replaced by a series of static 
simulations is that if the structure displaces so slowly that the dynamic effects (inertia and damping effects) are negligible. 
A series of time-varying static simulations is called a quasistatic simulation. 

Other than these two categories of cases (cases of finding a steady state solution or cases that the structure 
displaces slowly), dynamic effects must be taken into account and dynamic simulations are needed. 


Purpose of This Chapter 


The purpose of this chapter is to provide background knowledge as well as practical examples for students to master 
techniques for dynamics simulations. It is a sequel of the last chapter, modal analysis, in which no external forces are 
involved. Except Section |2.3, in which Harmonic Response analyses are carried out, all the other exercises are 
performed with Transient Structural analysis system, which uses an implicit integration method to calculate the 
response. Explicit Dynamics analysis system, on the other hand, uses an explicit integration method. The explicit 
dynamics will be introduced in Chapter 15, where differences between implicit and explicit methods will be discussed. 


About Each Section 


Section |2.1 intends to equip students with background knowledge of structural dynamics. Again, it is the concepts, 
rather than the mathematics details, that we want to emphasize. We first use a single-degree-of-freedom structural 
system to illustrate some ideas, and then conceptually generalize these ideas for multiple-degrees-of-freedom structural 
systems. 

Section 12.2 provides a practical example to demonstrate the application of dynamic loads and other considerations 
such as integration time steps and damping. Section |2.3 uses the two-story building (7.3, | 1.2) as an example, 
demonstrating the procedure of harmonic response analysis. Section 12.4 performs an impact simulation. One of its 
purposes is to demonstrate how to specify a simple initial condition, namely uniform velocity. Another purpose is to 
show the limitation of implicit integration methods and the necessity of explicit methods for high-speed impact 
simulations. 

Section 12.5 is a sequel of Section | 1.4. As mentioned in | 1.4.3 (page 413), if you pluck a string, you will produce a 
tone made up of all harmonic modes. We will strum different locations on the string to observe the responses. Another 
purpose of Section |2.5 is to demonstrate how to specify a more general initial condition. Some initial conditions need a 
static simulation themselves. In this section, we will use the results of a static simulation as an initial condition for a 
transient simulation. 
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Section 12.I 


Basics of Structural Dynamics 


Displacement (x) 


time (t) 


The purpose of this section is to provide basics of structural dynamics, so that students can understand the exercises in 
this chapter. The concepts and terminology introduced in this section will be used throughout this chapter and the rest 
of the book. We first use a single-degree-of-freedom lumped mass model to explain some basic behavior of dynamic 
response. The results will be conceptually extended to multiple-degrees-of-freedom cases (and not limited to lumped 
mass models). 


[2.1.1 Lumped Mass Model 


[1] In the old days, many dynamics problems were simplified as lumped mass systems of a few degrees of freedom. As 
an example, to find the lateral displacements, the two-story building (7.3, | 1.2) is modeled as a two-degrees-of-freedom 
system as shown [2-8]. A lumped mass model like this can be solved with a circuit (made of inductors, resistors, 
capacitors, etc.) that has the same form of governing equations as the lumped mass model. This simple device, used to 
solve engineering problems long before digital computers became available, is essentially an analog computer. 

The parameters (mi, m2, ki, k2, ci, C2) must be reasonably evaluated to obtain an acceptable solution. Each of the 
masses m| and m2 [3-4] may include the floor mass, part of the columns mass, and the equivalent mass of the loads on 
the floor. Each of the spring constants ki and k2 [5-6] may be calculated according to the bending stiffnesses of the 
columns and beams at the floor. Each of the damping coefficients ci and c2 [7-8] represents all energy dissipating 
mechanisms of the floor. 

The energy dissipating mechanisms include frictions between the building and the surrounding air (viscous 
damping), material's internal frictions (material damping), and the frictions in the joints connecting structural members 
(Coulomb damping). Evaluating damping is one of the most challenging tasks of engineering practice. Fortunately, 
damping in most real-world structures is usually very small. Consequently, in many cases, it may not be crucial and we 
may choose a reasonable value according to engineering experiences. In other cases, conducting experiments to 
evaluate damping values may be needed. We'll discuss damping in 12.1.3, pages 423-425. | 


[6] Total lateral stiffness 
of the second-floor's 
beams and columns. / 


[5] Total lateral stiffness of 
the first-floor's beams and 
columns. —> 


[4] Total mass lumped at 
the roof floor. — 


[3] Total mass lumped 
at the first floor. > 


k mn k, a [2] A two-degrees-of-freedom 
model for finding the lateral 


displacements of the two- 
story building. <— 


[7] Damping of the [8] Damping of the 


first floor. > second floor. # 
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[2.1.2 Single Degree of Freedom Model 


[|] Consider a single-degree-of-freedom (SDOF) model [2]. 
Applying Newton's law of motion on the block of mass m, we have 


>'F =ma 


p — kx —cx = mx 


mx + x + kx = p (1) 


Eq. (I) is the governing equation of the SDOF model. We'd assumed 
that the spring force is linearly proportional to the displacement, 
and the damping force is linearly proportional to the velocity. This 
kind of damping is called a viscous damping. We will discuss this 
assumption of damping in 12.1.3, pages 423-425. 

If no external forces exist, Eq. (1) becomes 


mx +o + kx = 0 (2) 


Eq. (2) represents a free vibration system. 
If the damping is negligible, then the equation becomes 


mx + kx =0 (3) 
Eq. (3) represents an undamped free vibration system. 


Undamped Free Vibration 


The general solution of Eq. (3) is 


x = Asin(ot +B) (4) 


where A and B are arbitrary real numbers and 


o = fk (3) 
Ym 

Verification of this solution can be done by substituting Eqs. (4-5) 
into Eq. (3). A typical plot of Eq. (4) is shown in [3], where we 
arbitrarily assume B = 7/2, since it is irrelevant. The vibration can 
be generated by holding up the mass of an undamped SDOF system 
[2], displacing an arbitrary amount A, releasing it, and letting it 
vibrate freely. The meaning of the natural angular frequency @ is also 
shown in the plot [3]. Relations between the natural angular 
frequency @ (rad/s), natural frequency f (Hz), and natural period T (s) 
are 


(6) 
(7) 7 
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Displacement (x) 
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[2] A single-degree-of- 
freedom model. | 


[3] Undamped free 
vibration. | 


time (t) 


[4] Damped free 
vibration. | | 


time (t) 
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Damped Free Vibration 


[5] Assume the damping c is smaller than the critical damping, defined in Eq. (11), then the general solution of Eq. (2) is 
x = Ae” sin(@ ee B) (8) 


where A and B are arbitrary real numbers and 


@, =oyl-2 (9) 


f= (10) 
C. 
c = 2ma@ (11) 


Verification of this solution can be done by substituting Eqs. (8-11) into Eq. (2). A typical plot of Eq. (8) is shown in [4] 
(last page). Again, this vibration can be generated by holding up the mass of a SDOF system [2], displacing an arbitrary 
amount A, releasing it, and letting it vibrate freely. 

The quantity C defined in Eq. (11), is called the critical damping coefficient. It can be shown that if the damping c is 
larger than or equal to c_, then the Eq. (8) is no longer valid. Actually, the motion is no longer oscillatory, and the 
system is called over-damped (if c > c_) or critically damped (ifc = c_). For most structures, we may reasonably assume 
that the system is under-damped ¢ < c_),and the Eq. (8) is always valid. 

The quantity €, defined in Eq. (10), is called the damping ratio. Values of damping ratio for typical structures range 
from about 0.02 (e.g., piping systems) to about 0.07 (e.g., bolted structures, reinforced concrete)[Ref !], 

The quantity w_, defined in Eq. (9), is called damped natural angular frequency. Note that, for a small damping ratio, 
q@ and q@ are practically the same. For example, with €=0.07,0 5 = 0.99750. 


Measuring Damping Coefficient 


Given the mass m and the spring constant k of a SDOF system, and if we can obtain a damped free vibration curve [4] 
from an experiment, then we can calculate the damping coefficient from this information, as follows. From Eq. (8), the 
peak displacement is 
— Aes 
Xe = Ae 
Recognizing the time between two peaks is T = 2n/ O, = 22/@, we can write down the displacement ratio R between 
two consecutive peaks 
2 
—gw(t+—) 
xX @ 
puree Ae _ ant (12) 


-Eot 
X soak Ae 


For example, with € = 0.07, the displacement ratio between two consecutive peaks is R = 0.64. In practice, the 
displacement ratio can be calculated by averaging the displacement ratios of several cycles of vibrations. The damping 
ratio € then can be calculated from Eq. (12) 


p= (13) 


The damping coefficient, if desired, can be calculated using Eqs. (10) and (11), 


—InR 
c= 7 mo (14) 1 
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Viscous damping coefficient c is not an intrinsic property of a material 


[6] Imagine that the SDOF system [2] represents a cantilever beam made of a material and you want to characterize 
the damping property for the material. You gather a specimen, generate a free vibration curve [4], and calculate the 
damping coefficient according to Eq. (14). It seems easy. The problem is that, in this way, the damping coefficient 
depends on the geometry of the specimen: different geometries have different damping coefficients. To characterize 
damping for a material, we need more knowledge of damping mechanisms. # 


[2.1.3 Damping 


Damping Mechanisms 


[1] As mentioned, damping includes all energy dissipating mechanisms. In a structural system, all energy dissipating 
mechanisms boil down to one word: friction. In a structure, three categories of frictions can be identified: First, friction 
between the structure and its surrounding fluid, called viscous damping. Second, internal friction in the material, called 
material damping, solid damping, or elastic hysteresis. Third, friction in the connection between structural members, called 
dry friction or Coulomb friction. When the structure is surrounded by the air, the viscous damping is usually very small, 
and the major sources of damping are material damping and Coulomb friction. 


Viscous Damping 


Viscous damping is the friction between a structure and its surrounding fluid. If small, viscous damping force can 
reasonably assume to be proportional to the velocity of the structural displacement 


Fo=a (1) 


The viscous damping coefficient c can be input directly as an element parameter, such as a spring element [2]. For each 
material, you can include a constant damping ratio as a material property (see [13], page 425). In some analysis systems, 
the viscous damping can be specified using a global damping ratio € [3]. The damping coefficient c is then calculated 
according to Eqs. |2.1.2(10-I1) (last page), 


c= 2mwé = 2EV mk (2) 
In general, to introduce viscous damping to a structure, you may add individual elements involving viscous damping, such 


as spring elements [2]. In Harmonic Response analysis (Section | 2.3), which calculates the response under various 
frequencies, viscous damping can be specified using a global damping ratio [3]. 


Details of “Analysis Settings” 
Optioas 
Outpat Coatrols 


Details of “Longitudinal - Ground To Solid 


| Graphics Properties 


|| Damping Coatols 

Bon id covet Drea Rate [2602 O 
Lonaitudinal Stiffness Stifthess Coefficient Define By | Duect Input 
Longitdlinel Demnging |2000, stm Stiffness Coefficient (0. 


Mass Coefficient 0. 


Analysis Data Management 


[2] For spring elements, viscous BI In Harmonic Response analysis, 
damping coefficient can be input as viscous damping can be specified using 
an element parameter. > a global damping ratio. | | 
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[5] The curve of 
stressing. | 


Material Damping 


[4] Material damping is the internal friction between molecules 
or grains of the material. Other names for material damping 
include solid damping and elastic hysteresis. It is often the major 
sources of damping in a real-world structure. 

To understand the material damping, consider a typical 
stress-strain relation in a uniaxial material test [5-7]. Unlike the 
tests shown in |.4.1[2-6] (page 40), here we repeatedly increase 
the stress [5] and then release the stress [6]. If the plastic 
deformation (permanent deformation) is not present, the strain 
will return to the original state when releasing the stress, and 
the curve of releasing stress is likely to be a straight line. A 
material in which the strain state returns to the original state 
when the stress is released is called an elastic material. 

The area enclosed by the curves [7] represents the energy 
dissipation (to the environment) due to the internal friction of 
the material. This area is typically very small; the plot [5-7] is 
exaggerated for instructional purposes. 

The plot [5-7] is analogous to a B-H curve of a magnetic 
material [8], where B is the magnetic flux density and H is the 
magnetic field intensity. A magnetic field H is applied on a 
magnetic material to create a B field within the material (i.e., the 
material is magnetized). The area enclosed by the B-H curve 
represents an energy dissipation, and is called the magnetic 
hysteresis. Because of the analogy, the energy dissipation in a 
stress-strain curve is called the elastic hysteresis. 7 


Stress 


[6] The curve of 
unstressing. | 


Strain 


[7] The enclosed area represents 
an energy dissipation due to the 
internal friction of the material. | 


[8] The B-H curve of a 
magnetic material. | 


B (Magnetic Flux Density) 


H (Magnetic Field Intensity) 


[9] Recognizing that the damping is small for a structure and the global behavior is similar regardless of the sources of 
damping, Workbench assumes, as a simplification, that the material damping force is proportional to the structural 
velocity (this somehow deviates from reality, in which the material damping force is more likely proportional to the 
structural displacement rather than the structural velocity), the same as the viscous damping, 

5 x (3) 
However, we cannot characterize a material using a damping coefficient c, since, as mentioned in |2.1.2[6] (page 423), 
the damping coefficient c is not an intrinsic property of a material. To filter out factor of geometry, we need more 
elaboration. Eq. (2) shows how the coefficient c relates to the mass m and stiffness k for the case of single degree of 
freedom; for cases of multiple degrees of freedom, the relation is not so simple. In engineering practice, an efficient way 


to characterize a material is proposing a mathematics form with parameters and then determining the parameters 
using data fitting. With this idea, the coefficient c is assumed a linear combination of the mass m and the stiffness klRef !], 


c=am+ Bk (4) 


Now, the parameters q@ and B are used to characterize the damping property of a material. Eq. (4) is based on an 
observation that damping is related to the mass and the stiffness of the structure. | | 
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[10] Using c = 2m (Eq. (2)) andk = ma’ (Eq. 12.1.2(5), page 421), we may rewrite Eq. (4) in terms of frequency and 
damping ratio, 


20& = a+ Bo’ (5) 


If we can make a single material specimen and measure the damping ratios ¢, under different excitation frequencies @, 
or make several material specimens of different sizes, and measure the damping ratios € under their respective 


fundamental frequencies @, or, even better, a combination of the above ideas, then we can evaluate the material 
parameters q@ and by a standard data fitting procedure. 

Workbench allows you to input the a and f values for each material as material properties [| 1]. A Transient 
Structural analysis system also allows you to input a global B value (Stiffness Coefficient) and a global a value 
(Mass Coefficient), in a details view of Analysis Settings [12]. | 


[12] A global beta value (Stiffness [13] For each material, you can 


Coefficient) and alpha (Mass Coefficient) include a constant damping ratio 
can be input in the Damping Controls section 


of a details view of Analysis Settings. — 


15 PeicaliPeapeddies as a material property. /“ 


cr a 

a Density Li 

*2Z| Isotropic Secant Coefficient of Thermal Expanl P 

[4] Orthotropic Secant Coefficient of Thermal Ex sion 

4] Isotropic Instantaneous Coefficient of Therm] pansion 


14] Orthotropic Instantaneous Coefficient of Therjnal Eansion 


Constant Damping Coeffident 


[Was Consist [OT 
Noreicel Denpog Vahe [01 


Damping Factor (a) 
Damping Factor (B) 
Linear Elastic 


[1 1] Alpha and beta values 
as material properties can 
be included. \ 


[14] If we assume & = 0, Eq. (5) becomes 


(6) 


Eq. (6) is a simple relation between the 8 value and the damping ratio ¢. It can be used to estimate one value when 
knowing the other one, if the frequency is also known. 

Although the damping ratio is meant to be used for the viscous damping ([3], page 423) rather than the material 
damping, in practice, the engineers often use a damping ratio to simplify the overall damping effect, when the damping is 


not critical to the response. As mentioned in |2.1.2[5] (page 422), values of damping ratio for typical structures range 
from 0.02 to 0.07. 


Coulomb Friction 


Another major source of damping is the friction in the connection between structural members. It is called the dry 
friction or Coulomb friction. In Workbench, it is implemented as frictional contacts. To include the Coulomb friction, you 
have to specify frictional contacts between parts, which will be discussed in Chapter |3. # 
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[2.1.4 Analysis Systems 


[|] Generally, we are dealing with multiple-degrees-of-freedom systems. The foregoing concepts may be extended for 
general cases. Specifically, Eq. 12.1.2(1) (page 421) can be generalized for multiple-degrees-of-freedom cases, 


[mop + [CHF + [KOs = 1 (1 


Where {D} is the nodal displacements vector, {F} is the nodal external forces vector, [M] is the mass matrix, [C] is the 


damping matrix, and [K] is the stiffness matrix. Eq. (|) also can be viewed as a generalization of Eq. |.3.1(1) (page 35). 

Eq. (I) represents the governing equation of a transient structural simulation. It can be viewed as a force 
equilibrium relation. On the right hand side of the equation is the external force {F}. On the left hand side, the first 
item [M]{D} is the inertia force, the second item [C]{D} is the damping force, and the third item [K]{D} is the elastic force. 
Combination of the inertia force, damping force, and the elastic force balances with the external force. 

Let's look at some specialized cases of Eq. (1) (also see [2]). \, 


, ax 
Modal Analysis &) Analysis Systems 


F : F Design Assessment 
[3] Imagine that you displace a structure a certain amount and then release. Neseiiestiuilin 


There is no external force involved; it is called a free vibration. Eq. (1), since Flectric 
there is no external force, becomes csnomie sins 


[M]{O}+[C]{D}+[K ]{D} =0 (2) : 7 


Solution of Eq. (2) is not unique. For a problem of n degrees of freedom, it 
has at most n solutions, denoted by {D },i =1,2,...,n. These solutions are 
' G4 Hydrodynamic Response 

called mode shapes of the structure. Each mode shape {D } can be resonantly 34 IC Engine (Fluent) 
excited by an external excitation of frequency q, called the natural frequency IC Engine (Forte) 
of the mode. The lowest frequency is called the fundamental natural frequency, 
or simply fundamental frequency. Finding all or some of the mode shapes and [Gj RendomVibraton 
their corresponding natural frequencies is called a modal analysis. 

In a modal analysis, since we are usually interested only in the natural a 
frequencies and the relative shapes of the vibration modes (the absolute J Steady-State Thermal 
values of deformation depend on the energy that excites the structure), the 
damping effect is usually neglected (see Eq. 12.1.2(9), page 422) to simplify (A Transient Thermal 


the calculation; Eq. (2) becomes Turbomachinery Fluid Flow 
Component Systems 


2° Custom Systems 
[m ]{5} * [K ]{P} = 0 (3) Design Exploration 
fH External ConnectionSystems 
It is Eq. (3) that Workbench solves in a Modal analysis system. Note that 
modal analysis is a linear analysis; all nonlinearities are ignored. [2] Structural dynamic 


We've performed some modal analyses in Chapter I1. | Simulations can be classified 
into various analysis types. <— 


id Flow - Blow Molding (Polyfiow) 


u 
uid Flow- Extrusion(Polyflow) 
uid Flow (CFX) 

uid Flow (Fluent) 

uid Flow (Polyflow) 


Transient Structural Analysis 


[4] Transient Structural analysis solves the general form of Eq. (1). External force {F} can be time-dependent 
forces. All nonlinearities can be included. It uses a direct integration method to calculate the dynamic response. In this 
chapter, all exercises, except Section |2.3, are carried out with Transient Structural system [2]. Through these 
exercises, we will demonstrate how to specify initial conditions, dynamic loads, and set up Analysis Settings. | | 
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Harmonic Response Analysis 


[5] Imagine that a rotatory machine is installed on the floor of the two-story building (Sections 7.3, | 1.2), its 
operational speed 3000 rpm. Due to an inevitable eccentricity of the rotation, the machine generates an up-and-down 
harmonic force on the floor. After it is started up, the machine's speed increases from zero up to 3000 rpm. Any 
natural frequencies of the building ranging from zero to 3000 rpm may be excited by the harmonic force. While 
vibrations of the building or its structural components are unavoidable, the question is how large the amplitude of the 
vibrations will be. Do the vibrations cause any safety concern or psychological annoyance? A Harmonic Response 
analysis can be carried out to answer that question. 

Harmonic Response analysis solves a special form of Eq. (1), in which the external force on ith degree of 
freedom is of the form 

F=Asin(Qt+¢) (4) 


where A is the amplitude of the force,@ is the phase angle of the force, and Q is the angular frequency of the external 
force. Due to the special form of the external forces, the calculation is much more efficient than a general transient 
response analysis. The steady-state solution of the equation will be of the form 


D =B sin(Qt+¢@) (5) 


The goal of the harmonic response analysis is to find the magnitude B and the phase angle @ of the response for 
each degree of freedom, under a range of frequencies of the external forces. Note that harmonic response analysis is a 
linear analysis; all nonlinearities are ignored. 

In Section 12.3, we will use the two-story building to demonstrate the procedure of harmonic response analysis. 


Explicit Dynamics 

Similar to Transient Structural, Explicit Dynamics also solves the general form of Eq. (1). The external force 
{F} can be time-dependent forces. All nonlinearities can be included. It also uses a direct integration method to 
calculate the dynamic response. The difference is described as follows. 

The direct integration method used in Transient Structural analysis is called an implicit integration method. The 
implicit method works fine for most applications except for high-speed impact simulations. 

In high-speed impact simulations, the duration of impact time is so short that the integration time needs to be 
extremely small (e.g., micro to nano seconds) to catch the details of the behavior. If the implicit integration method is 
used, the total number of time steps becomes so huge that the computational time is unbearable. That calls for an 
explicit integration method, implemented in Explicit Dynamics analysis system. 

For many transient dynamic simulations, the explicit method is not popular for one reason: it requires very small 
integration time steps to achieve an accurate solution. A small integration time is exactly what a high-speed impact 
simulation needs; therefore, it is not a disadvantage any more. The advantage, on the other hand, is that the calculation 
is very efficient in each time step. Overall, the high-speed impact simulations are possible only with the explicit 
integration method. 

There are cases, other than high-speed impact simulations, that benefit by using the explicit method. Highly 
nonlinear simulations usually require very small time steps to overcome the convergence difficulties. In such cases, 
explicit method may be used. 

In this chapter, we will restrict the discussion to implicit dynamics only (i.e., using Transient Structural analysis 
system). The applications of Explicit Dynamics will be postponed until Chapter |5. The reason is that, since 
explicit dynamics usually involves nonlinearities, we need more background on nonlinear simulations, which will be 
covered in Chapters |3 and 14. 

For the beginners, the origination of the names "implicit" or "explicit" may not be important. You may regard them 
as code names. For those students with strong curiosity, you will learn them in Section 15.1. | | 
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Response Spectrum Analysis 


[6] We often design an engineering object such that it can withstand oscillatory or repeated loadings. For example, a 
building must withstand the strikes of earthquakes. When designing a building, we may use a well-recorded earthquake 
as a ‘design earthquake." The history of the earthquake (typically a history of acceleration versus time) can be input as 
loads and a transient structural simulation is then carried out. After the simulation, the maximum stress (or any other 
responses) at each location of the structure is collected. The members of the structure are designed according to 
these maximum values of responses. If the maximum response is the sole purpose of the simulation, a much more 
inexpensive way of simulation is available: response spectrum analysis. 

A time history of earthquake can be transformed to a response spectrum, a maximum response versus frequency 
(or period) plot. The response spectrum is then input to a Response Spectrum analysis system. The output is the 
maximum response (e.g., maximum stress) at each location of the structure. 


Random Vibration Analysis 


There exists a design methodology that considers probabilistic loads, instead of deterministic loads. The probabilistic 


loads are described by a spectrum representing probability distribution of excitation at varying frequencies in known 
directions. The technique is used to design structures withstanding probabilistic loadings, for example, a space vehicle 
subject to probabilistic strikes of meteorites or asteroids. # 


References 


|. Cook, R.D., Milkus, D.S., Plesha, M. E., and Witt, R. J., Concepts and Applications of Finite Element Analysis, Fourth Edition, 
John Wiley & Sons, Inc., 2002; Section | 1.5 Damping. 
2. All Help>Mechanical APDL>Theory Reference>!4.3. Damping Matrices 


@Seismicisolation 


Section 122 Lifting Fork 429 


% 8: Transient Structural 
jum Prnapel Str 
T Maamum Pnnapeal Stress - Top/Bottor 
Unie e 
4 1 
@ oe 
13476 
11.477 
| 4 
4 
4 


Lifting Fork 


[2.2.1 About the Lifting Fork 


[1] In Section 4.3, we built a model for a lifting fork and glass, in which the fork was modeled as solid body and the glass 
as surface body. The lifting fork [2] is used in an LCD factory to handle a glass panel [3], which is so large and thin that 
the engineers are concerned about its vertical deflections during dynamic handling. 

The fork is made of steel with a density of 7850 kg/m?, Young's modulus of 200 GPa, and Poisson's ratio of 0.3. The 
glass has a density of 2370 kg/m?, Young's modulus of 70 GPa, and Poisson's ratio of 0.22. 

In this section we will perform a static structural simulation first, to evaluate the vertical deflection of the glass 
panel under the gravitational force. This is critical when determining the clearance of the processing machine [4]. 
During a dynamic handling, the fork accelerates upward from rest to a velocity of |.5 m/s in 0.3 seconds, and then 
decelerates to a full stop in another 0.3 seconds, causing the glass panel to vibrate [5]. We want to know the time 
duration when the vibration is settled to a certain amount so that the glass can be moved into the processing machine 
[4]. We also want to know the maximum stress during the handling. \, 


[2] Lifting fork. <— 


[4] Schematic of the 
processing machine. > 


[5] During a dynamic handling, the 
fork accelerates upward from rest 
to a velocity of |.5 m/s in 0.3 
seconds, and then decelerates to a 
full stop in another 0.3 seconds, 
causing the glass panel to vibrate. # 


1 
[2.2.2 Resume the Project Fork 2 

3 
z 4 
[1] Launch Workbench. Open the project 5 @ setup ( 
Fork, which was saved in Section 4.3. > 6 @& Solution [2] Double-click to start up 
* 71 pests Engineering Data. # 

Static er 
eer 
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[2.2.3 Set Up the Model 


a 
[1] Click to add a new 

material and type the 

name Glass. /’ 


[5] Return to Project 
Schematic. | 
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[2] Double-click to 
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=] Project 
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Progam Contd 
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Sued 


[1 1] With Mesh 
highlighted, select 
Mesh/Controls/ 
Face Meshing. — 


ae 7 


Section 


"S 


[9] Highlight Contact Region. 
Workbench correctly established 
contact between the glass and 
fork. We don't need to change 
anything for this case. | 


About the Contact Region 
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[10] Note that, in this case, we use Bonded (default) 
rather than more realistic contact types such as 
Frictionless or Frictional, because Bonded 
should be accurate enough for this case; it avoids 
introducing nonlinearity into the simulation system. 
The contact types Bonded and No 
Separation are the only two contact types that do 
not introduce nonlinearity. No Separation contact 


condition between two surfaces pro 
in their normal direction, but allows 


hibits separation 
sliding relative to 


each other. The sliding is assumed to be very small 
such that the small-deformation theory can apply and 


the simulation remains linear. 


Scoping Matis [Gera Seeotn 


glass 


[12] Select a face of the 


panel (either top 
or bottom). 


Quadrilaterals is the 
defauit method. | | 
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~" 


Method 


[13] Select Mesh/ 
Controls/Method. 


— 


Generate 


[16] Generate mesh. | 


[17] To view the mesh 
from bottom, click -¥ of 
the triad (and remember 
to highlight Mesh). # 


[14] Select the fork 
body. | 


[15] And select 
MultiZone method. / 


Program Contolled 


Sweep Element Size 
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[2.2.4 Evaluate Deflection under Gravity 


[1] With Static 
Structural 
highlighted, insert a 


Fixed Support. — 


[2] Set up a Fixed 
Support on this 
face. / 


@ Fixed 
VEST & Frictionless 
—_ @ Displacement 
Structural 


Details of “Standard Earth Gravity" — ox a 


oe 
> 
inertial 


+ 


[3] Insert an Inertial/ 
Standard Earth 


Gravity. — 


[4] Select -Y Direction. 
This is the direction of 


gravitational force. | | 
eT 
A: Static Structural 
Standard Earth Gravity 
Time: 1.5 


fj Standard Earth Gravity. 9806.6 mm/s? 
Components: 0.,-9806.6,0. mm/s? 
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[5] Insert a Directional 
Deformation, and select Y Axis for 
Orientation. Solve the model. — 


[6] The maximum 


downward. # 


12.2.5 Perform Transient Structural Simulation 
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[|] Leave Mechanical open. From 
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lai Eedioas of (a simulation shows that the response frequency is 

Large Deflection off O about 6-10 Hz; see [19], page 437). According to 

App. Based Settings Moderate Speed Dynamics 


this guideline, the integration time step is about 


Restart Controls 


+ 


Nonlinear Controls 


+ 


+ Advanced | 
= caeeniai ITS = —— = —— =0.005 sec 
- 20f — 20(10) 
Stress Yes 
Surface Stress No 
Back Stress No 
strain No O Output Controls 
Contact Data Yes 
Nonlinear Data No Transient dynamic simulations usually generate 
Nodal Forc N 
ee ~ huge amounts of data. Output Controls allows 
Volume and Energy Yes 
Euler Angles Yes users to cut down data storage space and 
Contact Miscellaneous No : . 
General Miscellaneous No computing time. 
Store Results At Equally Spaced Points © 
--- Value 100 O : 
Result File Compression Program Controlled Beta Damping Value 


Damping Controls 


The beta damping value (Stiffness Coefficient 
Stiffness Coefficient 1.¢-003 O in [3]) is reported to be 0.001 from a lab test (see 


n 


Mass Coefficient 0 Eq. | 2. | .3(4), page 424). 


Stiffness Coefficient Define By | Direct Input 


+ Analysts Data Management 


We could specify this value as a material 
property. Since the vibration is dominated by the 
glass, here, we choose to input the beta value as a 
[3] Set up Analysis global damping value, that is, neglecting the 


Settings like this. — difference caused by the steel material. _ | 
mM  ¥ 


ee: 
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{B] Project Why Fixed Support? 
=a =) Model (A4, B4) ° ° ° 
+) ARB Geometry [6] During the handling process, the fork is not 
+)~yam Coordinate Systems fixed. It moves in the vertical direction. We could 
as... ‘ngs 
+ AB Connections . have set up a Frictionless support for the same 
#8 Mesh [5] Drag Fixed 
=|. {2] Static Structural (A5) Support from face and allowed the fork to move vertically. 
vid Analysis Settings Static Structural Obtaining absolute values of vertical displacement, 
lh ten gigas and drop to however, is not what we are concerned about. Our 
2, Fixed Support Transient 


goal is to investigate the vibration behavior. If we 


v 
= VI Solutio (36) 
JL] SPlution Information 


( Yotal Deformation 
= 1G) Transient (B5) 
+) Aja] Initial Conditions 


/N Analysis Settings 


Environment 
conditions can be 
duplicated this way. > 


let the fork move with such a large displacement, 
the small displacement of vibrations would be 
numerically overwhelmed, and you would not see 
the vibrations at all. 


By setting up Fixed Support at the face of 
=) 2 ; 7 ane —_— the fork, and applying inertia force downward (since 


the fork accelerates upward), we will have the same 
effect and avoid the numerical problems. <— 


Details of “Acceleration” | [8] Select 


[7] With Components. | 
<> Transient 
highlighted, select | Definition 
Inertial Inertial/ Base Bacitation 
. Acceleration. — 

— KD Coalinate Systm [Global Cooinate Syren 
Ua eb hal 
typing, the 
alee 
Scaaasl like this. | 


A 


[9] Type tabular data like this. Type time values on the 
bottom row (which begins with a *); the time values 
will automatically insert to appropriate positions. | 


How are the acceleration data calculated? 


[11] During the handling, the fork accelerates upward to a speed of |.5 m/s in 0.3 sec and then decelerates to a full 
stop in another 0.3 sec. The average acceleration is thus 5 m/s’. In order to reduce the amplitude of vibrations, the 
system controls the acceleration such that it increases linearly to 10 m/s? (note that this is about the same as a 
gravitational acceleration) and then decreases to zero linearly. The same idea applies during the deceleration. . | 
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[12] With Solution of 
Transient highlighted, select 


= 


maanecemaans Deformation/ Directional, 
and select Y Axis as 
 ~a Orientation. — 


[14] Select this tip of the 
glass (using vertex 
selection filter)... | 
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[13] Select Probe/ 
Deformation. / 


Xs, 


yi Transient (BS) 
J Initial Conditions 


= Definition . ; 
Type Deformation f : ¥ HA Analysis - 9 
Location Method | Geometry Selection [15] And click v@ Acceleration fe . 
Geometry [1 Vertex Apply and select ve Fixed Support [16] Highlight 
——— — Coordinate System Y Axis. = eS ce Solution (B6) Sitar 
Suppresse ) = 
=| Options @ ntiaies Information of 
ee Oo. =| ¢@ Directional Deformation Transient. ,/ 
Display Time | End Time y® Deformation Probe 
Spatial Resolution | Use Maximum 
+) Results . _ 
=|, Maximum Value Over Time 
Y Axis | 
=| Minimum Value Over Time 
Y Axis 25 
gy beset sci [18] Scroll down to examine the 
substeps to complete the 
P ™~ simulation. Note that this is a 
linear simulation; there are no 
nonlinearities involved; each 
*** LOAD STEP 1 SUBSTEP 172 COMPLETED. CUM ITER = substep needs exactly one 
*** TIME = 1.48416 TIME INC = 0.915697E-02 NEW TRIAN iteration. // 
#** RESPONSE FREQ = 28.380 PERIOD= 0.1193 PTS/CYC = 
*** AUTO TIME STEP: NEXT TIME INC = 0.91798E-02 INCREASED J» 
*** LOAD STEP 1  SUBSTEP 173 COMPLETED. : 173 
*** TIME = 1.49334 TIME INC = 0.91798 NEW TRIANG MATRIX 
*** RESPONSE FREQ = 8.429 PERIOD= 0. PIS/CYC = 13. 


AUTO TIME STEP: NEXT TIME INC = 
LOAD STEP 
TIME = 3.50000 
RESPONSE FREQ = 


SUBSTEP 174 


TIME 


[19] Response 
frequency. # 


INC = 
PERTOD= 0.1148 


E-02 DECREASED (FACIOR = 0.7255) 


CUM ITER = 174 


0.666031E-02 NEW TRIANG MAIRIX 
PIS/CYC = 17. 


0.66 


COMPLETED. 
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[2.2.6 View the Results 


| ne 


B: Transient Structural 
‘ . . ‘ Directional Deformation 
[1] Highlight Directional Type: Directional Deformation(¥ Axis) 


Unit: mm 


Deformation of Transient. — 
It shows the deformation at the [timet3 | 


end of the simulation. It is st 
possible that your deformation is hapere 
quite different from here. | a70719 
-0.21947 


% 


-1.1461 
-2.0728 
-2,.9995 
-3,9261 Min 


1.0 (True Scale) ° 


A. 


[2] Change to True nae 6Tabular Data 730: 


4 v a a 
Scale. > — -_ er aoe. Pes ee re iat 


[3] Select 10 Sec 
to show the slow 
motion. <— 


[5] Play the [4] Select Result 
animation. <— Sets. < 


Ee 


[6] Highlight Deformation 
Probe to study displacements 
of the tip. \, 

\ Fa 


coh +: CEES 
Animation | pi m/) 10 Sec ~- T QHES EER | | Time [5] v Deformation Probe (Y) [mm] |] a 


* 


[7] The maximum 
downward 
deflection is 
26.312 mm, 
occurring at 
0.40831 s. | 


26.312 


20 


(mm) 


=) 


-21.689 


Observation 


[8] The maximum deflection 26.312 mm [7], occurring at 0.40831 seconds, is about 50% more than that of the static 


deflection, which is 17.234 mm (12.2.4[6], page 434). The vibration damps out fast and reduces to about 5 mm in 1.5 
sec. The response frequency is about 9 Hz (12.2.5[19], last page). Workbench automatically adjusts the time step 
according to the response frequency. Next, we want to investigate the maximum stress and its location. . | 
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% 


Probe 


[9] With Solution of 
Transient highlighted, 
select Probe/Stress. — 
% A 


nn, 


[12] Highlight Stress Probe to 
examine the history of maximum 
principal stress. > 
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a 
[10] Select the glass 

body (Using body 

selection filter). | 


Details of "Stress Probe” 


| 
ChE 


Sess 
Geomety Selection 
1 Body 


@ 


Bg 
& 
5 
E 


Result Selection Masamum Puncipel O 
Display Time End Time 
1 Use Mexarnum 


E 
2 
E 
i 


Results 

[=]| Maximem ¥Yaluwe Ovex Time 
Measarmum Pancipel 

[=]| Minimem ¥Yalue Ovex Time 


Solve 


[13] The maximum principal stress of the 
glass over the time is 15.474 MPa, occurring 
at 0.40831 seconds, when the maximum 
deflection occurs (also see [7], last page). _ | 


\ i 

Graph ~30x @ sta 7 30x 

Animation | } >I mo) 10 Sec ~ & = ¥ [Time {s] _|[v Stress Probe (M kimum Princip a 
gems 17_|0.25953 6.7426 
sicmads 18 |0.27812 6.3389 
19 |0.28622 7.293 
20 |0.30089 6.8431 
25 21 |0.31686 7.7135 
22 |0.33482 6.3212 
a. 23 |0.35311 7.7062 
a 24 |0.36249 10.013 
= 75 . 25 |0.38181 7.7908 
26 |0.39091 11.267 
> 27 | 174 
- 28 | 0.42537 13.865 
° 29 |0.44316 7.9797 
30 |0.45218 7.5336 

0.13335 dll 

0 025 0s 075 1.25 1S St ee 
32 | 0.48649 12.242 
{s] 33 | 0.49562 10.082 
1 34 1051413 13.077 

yr- Es 
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-| Scope 
&p Scoping Method Geometry Selection 
O Geometry All Bodies 
Stress Position Top/Bottom 
ad =| Definition 
Type Maximum Principal Stress » 
By Time [15] Type 0.40831 (s) for 


Calculate Time History | No 


Display Time (see 
[13], last page). / 


identifier 


[14] With Solution of 
Transient highlighted, 
select Stress/Maximum 
Principal. — 


Suppressed No 
=) Integration Point Results 
Display Option Averaged 
Average Across Bodies | No 
=| Results 
Minimum 
Maximum 
Average 


Minimum Occurs On 


Maximum Occurs On 
Solve as" | 


| 


\ 


[17] Select Auto Scale. | 
gh 


6.9 (Auto Scale) - 


| 


[18] This is the location where 
the maximum principal stress 


B: Transient Structural over the time occurs. | 
Maximum Principal Stress 

Type: Maximum Principal Stress - Top/Bottom 
Unit: MPa 


Time: 0.40831 


15474 Max 


11.477 
9.479 
7.4807 
5.4824 
3.4841 
1.4858 
-0.51245 
-2.5107 Min 


@ 4 


- 


Wrap Up 
[19] Save the project and exit Workbench. # 


% 
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Section 12.3 


Harmonic Response Analysis: 


Amplitude (in) 


Two-Story Building — A 


[2.3.1 About the Two-Story Building 


[1] In this section, we will demonstrate the procedure of a harmonic 
response analysis (12.1.4[5], page 427). The two-story building (7.3, 
| 1.2) is used again to demonstrate the procedures. 


[2] Harmonic loads 
are applied on this 
floor deck. # 


Harmonic Response Analysis 


In 11.2.3[13] (page 397), we mentioned that the rhythmic loading on 
the floor may cause a safety issue. Is "dancing on the floor" really an 
issue? Since the building is designed to withstand a live load of 50 psf 
(Ib/ft?), we will assume that a group of young people of 50 psf is 
dancing on a side-span floor deck [2] to simulate an asymmetric 


poo 
so 
eeett — i 


— m z es a 


loading that will cause the building to side sway. The dancing is so 
hard that the young people generate a vertical periodical force of 10 
psf, that is, the loading fluctuates from 40 psf to 60 psf. 

Engineers usually don't consider "dancing" as a serious issue. 
Let's look at a more realistic engineering consideration. Imagine that 
an electric motor (or any rotatory machine) is installed on the floor 
deck [2]. The operational speed of the machine is 3000 rpm. When 
started up, the machine's speed increases from zero up to 3000 rpm. 
Is the vibration caused by the rotatory machine an issue? 

In this section, we will perform a harmonic response analysis to ‘ 


answer these questions. > 1 


2 @ Engineering Data 4 
3 @) Geometry v 
4 @ Mode! A 
5 @ Setup v 
oS 
A 


a 


» & | ih 


[2.3.2 Perform Modal Analysis 6 1@ sake 


7 @ Results ‘ 


Static Structural 


a 
[!] Launch PrOrKDener: [2] In this section, we want to PT Reet eee 
Open the project reuse this system. Remember —_ 


aa 


Building, which was that the model in this system s — ~ ; ——_ : Geometry ~ : : 
saved in Section 11.2. > has no diagonal members. | | 4 @ Nose! 7 5——8 4. @ Mota ie 
\ / 5 G@ Setup w ©5 @ Setup a 
6 © Solution 72 6 & Solution a 
7 @ Results or 7 @ Results "o 

Copy of Static Structural Modal 
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[3] From Toolbox, drag 
the Modal analysis 
system and drop here 
(Solution). — 


ig] Project 
=| [ga] Model (A4, B4) 
+) AM Geometry 
A®2 Connections 
JB Mesh 


1] 


aa 


ES) gon Coordinate Systems 


AS] Static Structural (A5) 
/\ Analysis Settings OC 


oe A 


[im 77 Static Structural 


2 @ Engineering Data 
3 @) Geometry 

4 w Model 

5 @ Setup 

6 @& Solution 

7 @ Results 


Static Structural 


v C 


= B / my 
1 [4] Before a harmonic 
4 y— 42 @ Engineering Data + analysis, a modal 
Y ,———3 @® Geometry 7 analysis is usually 
7 a 4 |@ Mode /, needed. Another 
= a stn oy reason for performing a 
4 7 —_# modal analysis is to 
A 6 | @ Solution Lae investigate each 
7 2 7 @ Results Py vibration mode. Click 
Modal any clickable cell in this 
system to start up 
Mechanical. // 
ts 
. D 


[me 77 Static Structural 


2 @ Engineering Data 
3 @) Geometry 

4 @ Model 

5 | @ Setup 

6 eB Solution 

7 @ Results 


4 4a 2 @& Engineering Data 
¥ 4p DM) Geometry 
4 44 @& Model 


Ya 


a” 
Y 


Copy of Static Structural 


—@e5 i} Setup 
6 © Solution 
7 @ Results 


\| S| SS es 


Modal 


ia \ 


[5] Turn on Large 


Deflection. \, 
ee 


/®j Standard Earth Gravity 


iH Acceleration 

Fixed Support 
m Pressure 

-) 


“GI Solution (A6) 


Solution Information 

@® Total Deformation 

J&B Maximum Principal Stress 

JS Minimum Principal Stress 
(+) ord Beam Tool 


=P] Modal (B5) 


Vie Pre-Stress (Static Structural) 
vi. Analysis Settings 
=|. v{ga) Solution (B6) 
Ah Solution Information 


| 


[7] Select the in-Ibm- 
Ibf-s unit system and 
solve the model. , | 


=) ?] Modal (BS) 

/12@ Pre-Stress (Static Structural) 
Solution (B6) 
¢($) Solution Information 


5 


\ 


[6] Highlight 
Analysis Settings 
of Modal and type 
20 for Max Modes 
to Find. / 


Analysis Data Management 
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iF 
Tabular Data [8] Note that these frequencies are 
Mode |[¥ Frecuency [Hz] the same as those in| 1.2.3[12], page 


i) 397. Create mode shape results. 

22) 4. Explore each mode, particularly the 

ae Ist, 6th, and 8th modes [9-1]. These 

515. 9 3559 modes are important in our study. | 

5 i 

‘i 

8 8. 

are [9] This is the Ist mode (1.52 Hz). 

wail 113632 Remember to use Auto Scale 

12/12. 16.308 and turn on Display/Thick 

43 }13. 17.538 Shells and Beams. | 

14/14. 18.297 : | 

1515 19.299 

16/16. 20.091 

17/17. 20.828 [10] The 6th mode 

18/18. 21.181 (9.59 Hz). | 

19/19. 21.654 \ 

20 | 20 21.934 Z 

rl [11] The 8th mode 
(10.33 Hz). | 


[12] Remember that we are studying the effect of dancing and 
the rotatory machine. The dancing frequency is close to the Ist 
mode (1.52 Hz); that's why we pay attention to this mode. For 
the rotatory machine, we are concerned about the vibrations 
of the floor deck (12.3.1[2], page 441) in the vertical direction; 
that's why we pay attention to the 6th and 8th modes. # 


[2.3.3 Perform Harmonic Response Analysis 


v A ¥ B v & 


2 ev Engineering Data vv 42 @g Engineering Data ov rm)” wo Engineering Data — ; 
3 @ Geometry 4 4———83 ® Geometry 4 423 DD Geometry Fx; 
4 @ Model 4 44 @& Mode! 4 ya BB Moc! v, 
5 @ Setup ae -@5 @ Setup ae -@5 @ Setup : a 
6 @& Solution 4 4 6 (G& Solution - 6 © Solution a 
7 @ Results Fs 7 @ Results F 7 @ Results Ta 
Static Structural Modal Harmonic Response 
- - ' [1] Without closing 


Mechanical, from Toolbox, 
drag the Harmonic 


) Reena 


2 @ Engineering Data a ee @ Engineering Data a, : 
@ Geansy r 3 @ = Response analysis system and 
4 4 drop here (Solution). | | 

4 @ Model Y 4a @ Model Y, 

5 @ Setup FF . -@5 @ Setup 4, 

6 @@ Solution of 4 6 @ Solution 

7 @ Results er 7 @ Results ws 

Copy of Static Structural Modal 
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J Geometry 


Aa Materials 


ye Cross Sections 


J® Connections 


J Mesh 


i 


Je Pressure 


&}--/4@] Solution (A6) 


v(t) Modal (B5) 


i) 


Jie Pre-Stress (Static Struc 
Analysis Settings / 
Solution (B6) 


mae Harmonic I C 


aed 


/N 


2 


a 


27% Analysis Settings 
2] Solution (C6) 
Soluton Information 


rr 
a | 


E Step Controls 
Multiple RPMs 
Options 


Frequency Spacing 
Range Minimum 
Range Maximum 

Cluster Number 

User Defined Frequencies 

Solution Method 

Include Residual Vector 

Cluster Results 

Skip Expansion 

Store Results At All Frequencies 

+ Rotordynamics Controls 
=| Output Controls 

Stress 

Surface Stress 

Back Stress 

Strain 

Contact Data 

Nodal Forces 

Volume and Energy 

Euler Angles 

Calculate Reactions 

General Miscellaneous 

Expand Results From 

-~ Expansion 

Result File Compression 


Damping Controls 
Eqv. Damping Ratio From Modal 
Damping Define By 


Stiffness Coefficient Define By 
Stiffness Coefficient 
Mass Coefficient 


+ Analysis Data Management 


EE —————_——s | 


yx Coordinate Systems 


7= Static Structural (A5) 
wa Analysis Settings 
J®j, Standard Earth Gravity 
AS! Acceleration 
JB, Fixed Support 


[2] Note that we are 
performing a prestressed 
harmonic response 
simulation; i.e., it includes 
all environment conditions 
defined in the Static 
Structural and Modal 


environments. Also note 
that the Acceleration 
(in Static Structural) 
should have been deleted; 
however, the results would 
have almost no differences 
(see | 1.2.5[4], page 400). 
a 


& 


// 
SZ 


Detads of “Pressure” 


fr \ 


e a Harmonic Response ( 
12 Modal (Modal) 
26) Analysis Settings 


[3] With Harmonic 
Response highlighted, 
insert a Pressure. | 


Pressure ie 
=| 7/4] Solution (C6) 
Solution Inform 


, 
Scope 
Scoping Method | Geometry Selection 


Geomety [1 Face Que 

Definition 

Type Pressue 

Define By Norvel To 

| BB Magnitude | 1. pef 
Phase Angle | 0.“ 

| Suppuessed No 


[5] Click Apply. | 


[6] Select the ft-Ibm-Ibf-s unit 
system and type | (psf) for 
Magnitude. // 


[4, 9] Select 
this face. T | 


P 
No 
Linear 
0. Hz O 
————————_—_—__—__—_— 

50. Hz © : 
4 [8] With Solution of 
Off Harmonic Response I~ 
ites se sce highlighted, select Ivy 
N 
—— 5 Frequency Response/ Frequency Phase 
No Deformation. /” Response~ Response 
Tes re Chart 
No O 
No 
No [10] Click Apply. | 
No O 
Yes 
No 
Yes 
Yes 
Yes 
No 

——<—$—$——————— ie 
Program Controlled . 
Modal Solution [7] Set up Analysis 


Settings of 
Harmonic Response 
like this. We turn off 


Program Controlled 


No 


ee zs (calculation of) Stress 
aged and (calculation of) 
0 Strain to save both 
0 runtime and disk space. 


It saves about | GB of 
disk space. 7 
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[I 1] Select Use 
Maximum. | | 


Masamum Frequency | 50. Hz 
Display Bode 
Chart Viewing Style 
MN Pi 


t --. 
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©) @) Harmonic Response (C5) 


] aries 
ye. Pressure Scoping Method Geometry Selection 
3-¢ Solution (C6) Geometry 1 Face 
Aus Solution Information Spatial Resolution | Use Maximum 
irre ecr =| Definition 
Oe reas Dieconal Detormak 
Frequency Response 2 ype irectional Deformation 
Fete Y Axis hd 
>= Coordinate System | Global Coordinate System 
Suppressed No 
———— =| Options 
Frequency Range Use Parent /“ 

[| 2] Right-click Frequency Minimum Frequency 0. Hz [| 3] With Frequency 
oe and _ sy ae to Maximum Frequency | 50. Hz Response 2 highlighted, 
create Frequency Response Zz. — Display Bode change Orientation to 

a / Chart Viewing Style |Log Y Y Axis i 
+) Results ; 


\ 


ee 


i 


[16] A way to tackle the “unit systems 
mismatch" error is to right-click Project 
and select Clear Generated Data 
and re-run the project. \, 25 


[14] Solve the model. If you run 
into a “unit systems mismatch" 
error, see [15-16]. | 


of Solve (F5) 


7 | Clear Generated Data. 
al Rename (F2) [15] You may run into a "unit 


systems mismatch" error. \ 
Model (A4, B4, C4) 


J Geometry 
AS Materials 


ye Crass Sections 


ANSYS Workbench - Enor 


(4) 


(+) 


wa a> Coordinate Systems There is a unit systems mismatch between the environments involved 
| in the solution 


J® Connections 


JED Mesh 


= Static Structural (A5) 


VLA Analysis Settings 
JBj, Standard Earth Gravity 


W 


? 
“3 See aa Why Unit Systems Mismatch? 
J®.. Pressure [17] You use the length unit inch to solve the model in |2.3.2[7] (page 
t /@| Solution (A6) 442; the resulting data are then stored in inches) and then use the length 
a _— =) unit ft to perform the harmonic response analysis in [14] (see [6], last 
V2 Pre-Stress (Static Structural) ; . : 
TA Analysis Settings page). Using different unit systems might cause a unit systems mismatch. 
(eo Solution (B6) Here, we've demonstrated a way to tackle the “unit systems 
=)--y{A) Harmonic Response (C5) mismatch” error [16]. Normally, Workbench should be able to maintain 
Ji? Modal (Modal) the consistency of the unit system no matter what unit system you are 
“i. oo using; the "unit systems mismatch" shouldn't have happened in this case; it 
5).--¢{@} Solution (C6) might be a bug. 
| Schon Indormeiion A way to avoid the "unit systems mismatch" is that you always use the 
= Frequency Response same unit system before solving the model. For example, in [14], select 


ita Frequency Response 2 | in-Ibm-Ibf-s unit system before clicking Solve. # 
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[2.3.4 Effect of Dancing 


=|. [Gi] Solution (C6 Oe eee 
Ol Gderiedlicciee [I] Highlight 
y ™ Frequency Response ( Frequency 
y'™ Frequency Response 2 Response. | 
aw 


Details of “Frequency Response 


[2] Remember that we are 
investigating the X-displacement 
of the floor. /% 


Mawr Fagg [OR 
Meron Fey 50 
Chat Vv 
|| Results 


ye 


3.642e-3 
[3] The plot of 
Amplitude (vertical 1.0528e-3 
axis), by default, is in log 
scale (bode plot). — 3.0435e-4 


co 


7981e-5 


sh (in) 
‘ 


0 10 20. 30 


Frequency (Hz) 


Interpretation of the Harmonic Response Plot 


[4] Change the unit system to in-Ibm-Ibf-s. 
The first mode (1.52 Hz) is excited that the 
maximum X-displacement is 0.003642 inches. 


w 


[5] The harmonic response plot [4] is an amplitude versus frequency plot. Because we are investigating the effect of the 
dancing, we should look at the frequencies that are less than 3 or 4 Hz (people don't dance faster than that). At 
dancing frequency of |.52 Hz, the structure is excited such that the maximum X-displacement is 0.003642 in. 


Remember that in 12.3.1 [1] (page 441), the estimated dancing load is about 10 psf periodically. In 12.3.3[6] (page 444), 

we input | psf of harmonic load; therefore, the estimated response should be 10 times 0.003642 in, that is 0.03642 in. 

(0.925 mm). Obviously, this value is too small to be worried about. 
We conclude that dancing is not an issue for this building. # 
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=| /® Solution (c6) 


12.3.5 Effect of Rotatory Machine [1] Highlight vi Petes ions 
Frequency BeBe requency Res 


Response 2. | 


Detaal :of “Frequency Response 27 | 


[=]| Scope 
[Scoping Method | Geometry Selection 
[3] The structure is |Geomety 
excited around the = 
=) ition 
frequency here. \, = 
| Oneatation Yaus © 
Coordinate System | Global Cocalinate System 
Sy | Suppressed No 
© ©]| Options 
3 | Frequency Renge Use Pazent 
= |Minirrrem Frequeacy |0. Hz 
= Masarram Frequency | 50. Hz 
< | Display Bode 
[Chest Viewing Style |Log Y 
=| Results 


|= [2] Remember that we are 
looking at the Y-displacement 
of the floor. \ 


0 10 20 30. 40 50 


Frequency (Hz) 


pce [4] This tool can be used to enlarge 
the details by dragging the handles 
4.6902e-2 , (the small squares) on the corners. | 


3.5519e-2 


£ 2.6898e-2 

oe 

B 2037e-2 [6] The structure is excited to a maximum of 
0.033 inches at frequency of 10.3 Hz, which is the 
& 1.54260-2 8th mode (12.3.2[11], page 443). / 


[5] Drag the 
lower-right handle 
like this. f 
Frequency (Hz) 


Interpretation of the Harmonic Response Plot 


[7] We were investigating the effect of the rotatory machine from 0 to 3000 rpm (50 Hz). We estimated that the 
amplitude of the harmonic load (of the electric motor) should be no more than 0.1 psf distributing on the floor (that 
totals to 40 Ib). In |2.3.3[6] (page 444), we input | psf of harmonic load; therefore, the estimated response should be 
0.1 times of the response shown in [3] (or [6]). 
Although high frequencies do excite the floor, the values are very small. At frequency of 10.3 Hz, the excitation 
reaches a maximum of 0.0061933 in (0.1 times of 0.061933 in), or 0.157 mm. The value is too small to cause an issue. 
We conclude that the rotatory machine is safe for this building. | 


Wrap Up 
[8] Save the project and exit Workbench. # 
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Section | 2.4 


Disk and Block 


This exercise has two purposes: First, to demonstrate how to apply a simple initial condition, namely uniform velocity, on 
a body. Second, to show a limitation of Transient Structural analysis system for impact simulations and to motivate 
the students learning Explicit Dynamics in Chapter | 5. 


12.4.1 About the Disk and Block 
[2] Before the impact, 
both the block and 
the disk rest on a 
frictionless horizontal 
surface. | 


[1] Consider a disk of radius of 40 mm and a block of 200 mm x 20 
mm on a frictionless horizontal surface [2-3]; both have a thickness of 
10 mm. Both are made of a very soft polymer of Young's modulus of 
10 kPa, Poisson's ratio of 0.4, and mass density of 1000 kg/m?. 

Right before the impact, the disk moves toward the block with a 
velocity of 0.5 m/s, and the positions of the disk and the block are as 


shown. 

We purposely consider a very soft material (Young's modulus of 10 
kPa) and a very slow-speed impact (velocity of 0.5 m/s) to relieve 
numerical difficulty. Increasing either of them would make the impact 
duration shorter, and in turn require a shorter integration time step (to 
find a solution). This is left as an exercise for you at the end of this 
chapter. > 


[3] Right before the impact, the 
disk moves toward the block 
with a velocity of 0.5 m/s. # 


12.4.2 Start Up 


[2] Create a Transient 
Structural analysis 
system. | 


, 
[|] Launch Workbench. Create a Transient 
Structural analysis system [2] by double- 
clicking it in Toolbox. Save the project as Disk. 


1 7%. Transient Structural 


@ Engineering Data 


e- 
2 wi Q y, 
Double-click Engineering Data to 3 WwW Geometry ? \ 
prepare material data [3]. — 4 @ Model 7. 
a a 
ee +) =) 
3 Setu S , 
a a i [3] Double-click 
6 Wa Solution © 4 Engineering Data to 
7 @ Results >, prepare material data. | | 


Xs we 
Transient Structural 
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a. 
[4] Create a new material 
Polymer, and include Density 
and Isotropic Elasticity. \, 


Outtine of Schematic A2: Engineering—fata b 
_——— B lc | D E 


Contents of Engineerin Saeco Source Description 


5 ae 


1 


te 


ro | [5] Type material properties 
4 ess Structural Steel BI | |= General_Mate (Density, Young S Modulus, 
ae | | ee ct Poisson's Ratio) as shown. Note 
| i. sae | = | _Clickhere to add a new materia that the SI units are used. <— 
Properties of Outine Row 4: P 4: Polyr mer so tea 
A c Cae 
[6] Return to Property Unit jem 
Project 4] Material Field Variables | | 
Schematic. # | & vensity | | kgm*-3 Pa 
cS aa Isotropic Elasticity | 
Derive from | Young's Modulus and Poisson's Ratio >| iy 4 
Young's Modulus 10000 «=62O | Pa x} [al 
Poisson's Ratio : 0.4 i | | 
Bulk Modulus 16667 Pa 
Shear Modulus 3571.4 Pa | 


[2] With the sketch, 
generate a surface 
body by selecting 
Concept/ 
Surfaces From 
Sketches. Type 


[3] On XYPlane, 
create a new sketch 
(Sketch2) and drawa 


[1] Start up 
DesignModeler, 
Select Millimeter 
as the length unit. 
On XYPlane, 


Nd 
So 


draw a rectangle 
like this. > 


circle like this. Impose 
two Tangent 

constraints [4-5]. | 

if 


10 (mm) for 
Thickness. — 


R40 
rs 


[5] Tangent. | | [4] Tangent. <— 
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\ 


[6] With the new sketch, generate 
a surface body by selecting 
Concept/Surfaces From 
Sketches. Type |0 (mm) for 
Thickness. The two surface 
bodies form two parts. > 


[8] Select this edge. (Note 
that this edge goes down up 
to a tangent point.) > 


=> 


Why Split Edges? 


[12] Select this edge 
(the circular edge). 


Concept Tools Units View ] 


se Lines From Points 


3) Lines From Sketches 

(F) Lines From Edges 

V\ 3D Curve [7, 11] Select 
“~] Concept/Split 
Oo surfaces From Ed ges Edges. / / 


29) Surfaces From Sketches 
§ Surfaces From Faces 
& Detach 
Cross Section > 


Details View 


[9] Click 
Apply. | 


[10, 14] Click 
Generate. {| / 


Details of EdgeSplit2 


Line-Body Tool —= 
ll 


[13] Click 
Apply. | 


[15] The purpose of splitting the edges is that we may specify a mesh density for each segment. We need finer mesh 


near the contact region (see |2.4.4[7-9], page 452). 


How to Make Sure an Edge is Successfully Split? 


Move your mouse on a split edge, which is then highlighted. Go through each split edge to make sure an edge is 
successfully split. | | 
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E) /\ga) A: Transient Structural 


=|) of. X¥Plane 
Lcd) Sketcht 
yd) Sketch2 — 
LAF lane _u Poet icra cise entire ereeriegt Mos serrate Ss 
-s ¥7Plane 2 | Analysis Type | 2 aa 


Compare Parts On Update 


+) 29) SurfaceSkl 
+ yo surfacesk? 
y "™ EdgeSplitl 
y ~™ EdgeSplit2 
“«, Edgesplit3 


[17] Close DesignModeler. Set 
Analysis Type to 2D 
(3.1.4[4-6], page 112). # 


[16] Rename the 
two surface bodies 


like this. > % 4 
e e e e 
12.4.4 Simulation in Mechanical 
(] Project 
= Sl Model (A4) =) Definition 
= Mss BGeometry! Source C\Users\ASUS\AppData\Local\fem.. “ ©. © 
Block Type DesignModeler 7 
oor —— [|] Start up Mechanical and 
+ 7m Coordinate Systems Element Control Program Controlled select the mm-kg-N-s unit 
+ {8A Connections of Plane Stress Oo—_ system. Highlight Geometry, 
g&®B Mesh rey aye __ Roc Cater and make sure Plane Stress is 
=| 7{@] Transient (AS) a selected for 2D Behavior. // 
+] gal Initial Conditions +!| Properties 
af Analysis Settings + Statistics NO 
= 7 KG Solution (A6) +) Basic Geometry Options 
. (i Solution Information +, Advanced Geometry Options 
a 
Details of "Elock" Details of "Disk" q 
= Gaaphios Popestes 
=|| Definition — | Definition 
Suppwessed No Suppressed No 
Stes Bein Pel 
Coowdinate System _| Default Coowdinate System Coosdinate System __| Default Cocudinate System 
Fence Tepe By Envi 
Tucows: 10 Tikes [im 
Thshwss Mabe Rash Up 
Behave (Nene Belen [we 
= Mates [Mates 
‘covet ore! So 
‘Nonlineax Effects Yes | Nonlinesx Effects Yes ‘i 
Therreal Strain Effects | Yes Yes fal 
+] Bounding Box Bowading Box | 
+|| Propexties Properties | " 
+) | Statistics Statistics : 
=| CAD Attabutes [2] Highlight Geometry/ CAD Attributes [3] Highlight Geometry/Disk 
DMSheetThickness [001 | Block and select Polymer as DMSheetThickness and select Polymer as the 
the material for the body. > material for the body. | | 
ee, Se  —“(t*isCsCSCSCSC‘C(C CS: 
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=|, Scope 


Scoping Method Geometry Selection 


Contact 
Target 
Contact Bodies 
Target Bodies 
Shell Thickness Effect 
Protected No 

=| Definition 
Type Frictionless 
Scope Mode Automatic 
Behavior Program Controlled 
Tnm Contact Program Controlled 
Tnm Tolerance 0.55902 mm 
Suppressed No 

| Display 
Element Normals No 

-) Advanced 
Formulation Program Controlled 
Small Sliding Program Controlled 


Detection Method Program Controlled 


Fenetration Tolerance Program Controlled 
Normal Stiffness Program Controlled 
Each Iteration 
Stabilization Damping Factor 0 

Pinball Region 


Time Step Controls None 


Program Controiled 


+ Geometnc Modification 


'g 


[7] With Mesh 
highlighted, select 
Sizing Mesh/Sizing. | 
Ns ____.# 
| | 


-|| Scope 
Scoping Method | Geometry Selection 
Geometry 4 Edges 
=| Definition 
Suppressed No 
Type ‘Element Size 
= Advanced 
Behavior Soft 


Growth Rate | Default (1.2) 
Capture Curvature ‘No 
Capture Proximity | No 
Bias Type No Bias 


| 


Frictionless. | 


aT 
[4] Highlight Connection/ 

Contacts/Contact Region. 

The contact region is correctly 
detected by Workbench. | 


[5] Change the 
contact type to 


[6] Update stiffness at each 
equilibrium iteration (see 
13.1.1 101], page 479). It 
usually facilitates 
convergence when contacts 
are involved but needs 
more computing time. | 


[8] Control-select the four 
edges (using the edge 


filter) in the contact region 
(two in the block and two 
in the disk, see [4]). | 


[9] Type I (mm) for 
Element Size. 
Generate mesh. al 
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Project 
= Model (A4) 
=| Geometry 
vy && Block 
y & Disk 
» Coordinate Systems 
_A® Connections 
el J/@ Contacts 
ye Contact Region 
J&B Mesh 
1G, Transient (A5) 
gil Initial Conditions 
a/N\ Analysis Settings 
=|---9|§a] Solution (A6) 
AD Solution Information 


[+] 


mH 
1 i 


W 


j Project* 


a 


Model (A4) 


x Bay Disk 
(~Y0 Materials 
vis Coordinate Systems 
ye] Connections 
e via) Contacts 
vy & Frictionless - Biock To Disk 

yi Mesh 

y|@ Edge Sizing 
yj Transient (A5) 

+) 

2 Hh Analysis Settings 
=] 2{S) Solution (A6) 
¢ 3) Solution Information 


-) Step Controls 


Number Of Steps 1 
Current Step Number 1 
Step End Time 0.25 
Auto Time Stepping On 
Define By Time 
Initial Time Step 1.e-004 s O 
Minimum Time Step 1.e-005 s OQ 
Maximum Time Step 1.e-003 s O 
Time integration On 
=|, Solver Controls 
Solver Type Program Controlled 
Weak Springs Off 
Large Deflection On 
App. Based Settings Moderate Speed Dynamics 
+ Restart Controls 
+) Nonlinear Controls 
+) Advanced 
=| Output Controls 
Stress No C2 
Surface Stress No 
Back Stress No 
Strain No O 
Contact Data Yes 
Nonlinear Data “No 
Nodal Forces “No 
Volume and Energy Yes 
Euler Angles Yes 
‘Contact Miscellaneous |No 
General Miscellaneous No 
Store Results At Equally Spaced Points O 
--- Value 100 O 


Result File Compression | Program Controlled 
+ Damping Controls 


+ Analysis Data Management 


— =0 
T-0 4-0 * 
Velocity 
Conditions 


[10] With 
Transient/Initial 
Conditions 
highlighted, click 
Velocity. — 

\ / 


[12] Highlight Analysis 
Settings. Set up Step 
Controls like this. | 


[13] Set up Output 
Controls like this to 


and computing time. > 


ee 


Details of "Solution Information” 


Solution Output 


Newton-Raphson Residuals 


Fowe Convergence ©) 


Identify Element Violations 
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reduce data storage space 


[15] With Solution/ 
Solution Information 
highlighted, select Force 

Convergence to watch how 

the solution proceeds. — 


=) y{@] Transient (A5) 
=) jz Initial Conditions 
J Modal (None) 


JS [s2 


a Analysis Settings 
4 Solution (A6) 
@ Solution Information 
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ne, 
[11] Select the disk 
body (using body 
filter) and specify 
the velocity. 


Details of “Velocity” if 
=| Scope 
Scoping Method Geometry Selection 
Geometry 1 Body 
= Definition 
Input Type Velocity 
Modal Environment None Available 
Pre-Stress Environment | None ; 
Define By Components O 
Coordinate System Giobal Coordinate System 
-500. mm/s O 
Y¥ Component 0. mm/s 
Suppressed No 
a 
(i) Project 
=|} [gi] Model (A4) 
[=] Geometry 
x Ba Block 
at ay Disk 
[+] yak. Coordinate Systems 
=)--B Connections 
I J@i Contacts 
y @, Frictionless - Block To Disk 
=| 488 Mesh 
Ji. Fdge Sizing 
] Transient (AS) 
El Jel Initial Conditions 
/13@ Modal (None) 
yize Velocity 
WA Analysis Settings 
e NB Solution (A6) 
od] Solution Information 
Total Deformation 
' i: 
[14] Insert a Total 
Deformation. 
\ 
Solve 
2 
[16] Click Solve. || 
he 
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—~s— Force Convergence —=—- Force Cntenon — — - Substep Converged 
ne UU VYIEVIIVYUUIIYUITAMU IE UTIETLCUUTERUUTTTUITETT CAE ECCITTIITAT CTEEEIIITT TTT EUTT LUTTE AA A 
| | STUUUTLUUUILLLELUUS s(L0 SRLLLUGELLUGLLLLLER Hine 0 
sia I BL TTTUINTT THI ) UTIVELTITNIUT ill A dj CW ccc. 
7.6159e-3 Mt HAITI min I nt | i " ‘ tl | | rt , | na —_ —— Wy PTL - uae 
biaade i i “ti Hit MH i "il Ni } it i} A il ie i HN | 
oo li | ih uj | | 
 1.0893e-4 / | Li h | NAR i Ala ( . tH iat | i) [| ‘4 / | LELLt " / | L_| | 
26s4te-5 1M] 14 | | | l rT i, ‘i WU WU) 
6.4181e-6 : MN | H i hg : a u ) 
15579e-67 en : uN UWL ' | 


nee | ‘Ml if INT A 


E en 
| 1. 52. 104. 156. 208. 260. 312. 364. 416. 466. 529. 
Cumulative Iteration 
[17] It takes many time steps 
to complete the simulation. # 
[2.4.5 Animate the Impact 
A. “@ Solution (A6) . 
7 Solution Information 1.0 (True Scale) ; = 
: Total C Deformation Scoped Bodies + Contours 
[!] Highlight Total [2] Select 1.0 (True Scale). | 
Deformation. — \ [3] Select Result/ 
—______” Contours/Solid Fill. 


Color contours are not 
important here. | 


Animation | 


[4] Select Result Sets. — 
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[8] 0.10 sec. Y 


[6] Initial conditions. —> 


[10] 0.20 sec. | 


How to Obtain a Snapshot? 
[I 1] Highlight Total Deformation, type the time for Display Time, and click Solve. | 


Wrap Up 
[12] Save the project and exit Workbench. # 


@Seismicisolation 


456 Chapter 12 Transient Structural Simulations 


Section 12.5 


Guitar String 4 | 


mm) 
———- | 


This exercise has two purposes: First, to demonstrate how to set up an initial condition using the result of a static 
simulation. Second, to show the transient behavior of a guitar string, as a sequel of Section | 1.4. 


[2.5.1 About the Guitar String 


[1] As mentioned, in | 1.4.3[1] (page 413), if you pluck a string, you will produce a tone made up of all harmonic modes. 
It is the harmonic mixes that differentiate the sound of one music instrument from others. A good guitar player knows 
very well that he/she can control the quality of sound by plucking the string at different locations. We will explore this 
phenomenon in this section, using the guitar string introduced in Section | 1.4. 


The string is plucked at the middle, quarter, and eighth points respectively, and its transient responses are observed. 
More precisely, the string is applied a vertical displacement of 10 mm at respective locations, and then instantaneously 
released to produce vibrations. The vibrations will eventually reach a steady state, that is, free vibrations, after a certain 
duration of time. It, however, is the transient vibrations that impress our ears most. # 


[2.5.2 Using the Result of Static Analysis as Initial Condition 


[1] Applying the vertical displacement requires a Static Structural analysis. Releasing the string to produce 
vibrations requires a Transient Structural analysis using the results of the static analysis as an initial condition. Ina 
Transient Structural, it is possible to specify the first step as a static simulation. The results become the initial 
condition of the next step of transient simulation. This two-step method has become a standard procedure, when the 
simulation requires a static simulation as an initial condition. 

Before we demonstrate the two-step method, let's clear up some important concepts. In transient dynamic 
simulation, each time step needs an initial condition to carry it on. The results of the last time step become the initial 
condition of the next time step. The initial condition, more specifically, is the position and velocity of each node. 

Ina Transient Structural simulation, Workbench allows you to turn off/on Time Integration ([2], next 
page). Turning Time Integration off means turning the dynamic effects (1.1.10[1], page 21) off, and Eq. 12.1.4(1) 
(page 426) reduces to Eq. |.3.1(1) (page 35), i.e.,a static simulation. You can turn on/off Time Integration in any 
load step. 

Make sure you don't confuse load steps (or simply called steps), substeps, and equilibrium iterations. Multiple load 
steps can be created when you need to specify different Analysis Settings for each step. Each step is further 
divided into substeps (also called time steps) for two reasons: First, in a transient dynamic simulation, each substep is a 
time integration step. Second, in a nonlinear simulation, a substep must be small enough to achieve convergence within 
that substep. For nonlinear simulations (either dynamic or static), each substep may need multiple equilibrium 
iterations to achieve convergence. . | 
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Details of “Analysis Settings: 


[2] In a Transient 
Structural simulation, if 
Time Integration is 


turned off (i.e., dynamic 
effects are turned off), it 
reduces to a static 
simulation. # 


[2.5.3 Resume the Project String 


Vs 


[|] Launch Workbench. Open the project String, 
which was saved in Section | 1.4. > 


~ A = < 
Ae 
21@ emer = ane pene 
cil y Section 11.4. | 
4 @ Model 
5 @ Setup 
6 | @& Solution 
7 i) Results 


oY 
wa 
~ 
Y 
Y 
v 


Static Structural 


[3] From Toolbox, drag-and-drop 
Transient Structural here. You might 
instead drop to Static Structural; the 
schematic would be different, but the 
simulation results would be the same. < 


fe 


[4] Double-click 
Geometry to start up 
DesignModeler. # 


7 v B v € 

1m 77 Static Structural 1 im 7%. Transient Structural 

2 a Engineering Data a | - @ Engineering Data _— |” @ Engineering Data fie 
3 ‘OM) Geometry v pt oo ‘OM Geometry a 3 (DM) Geometry - 
4 @ Model 4 gat @ Model 4 ya @ Model ef 
5 ae Setup Av 4 _—@ 5 we Setup AS a = Se Setup J r 
6 @ Solution Sf 6 G& Solution ~ a 6 & Solution T 2 
7 @ Results og 7 @ Results o 3 7 @ Results T 2 

Static Structural Modal Transient Structural 


@Seismicisolation 


458 Chapter 12 Transient Structural Simulations 


12.5.4 Modify Geometry in DesignModeler 


Concept Tools Units View | 
se Lines From Points 


©) Lines From Sketches 
(FP) Lines From Edges 


[2] Select the 
string. 


Details View 


Vy 3D Curve | [1] Select 
are Split Edges on Concept/Split 
© Surfaces From Edges Edges. — 
4 Surfaces From Sketches 
RY Sori Ka 
Foah De 
Cross Section > 

$= Vv 

a 

31 Click [4] Close DesignModeler. In Project Schematic, double- 
J Generate G sie dg click any cells other than Geometry or Engineering Data 
———zq Na start up Mechanical. # 
“gal Project 
_ =| {| Model (A4, B4, C4) 
12.5.5 Set Up Environment Conditions AD Geometry 
i+] Jen Coordinate Systems 


[|] Since we've modified the ‘Af, Fixed Support 
geometry, it is possible that the "AS, Displacement 
environment conditions are 
modified. If so, we need to 
correct them. In this case, 
however, the environment 


J Mesh 


- f~ Static Structural (A5) 


7A Analysis Settings 


« Force 
a Solution (A6) 
gi) Solution Information 
=| (:f) Modal (B5) 
ise Pre-Stress (Static Structural) 


conditions do not need to be UCN Analysis Settings 
corrected. You should verify =|] Solution (B6) 


this yourself. | 


l 2 §] Solution Information 
@% Total Deformation 
£@® Total Deformation 2 
{@ Total Deformation 3 
{@ Total Deformation 4 
{@® Total Deformation 5 
{@B Total Deformation 6 
{@ Total Deformation 7 
@B Total Deformation 8 
@% Total Deformation 9 
{@% Total Deformation 10 
@ Total Deformation 11 
{@ Total Deformation 12 
=|-9|Q] Transient (C5) 
+ Ji Initial Conditions 
2/\ Analysis Settings 
=)--2/gfa] Solution (C6) 
¢g¥) Solution Information 
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A: Static Structural 
Static Structural 
Time: 1.5 


[By Force: 387.16N 
(B | Displacement 
Fixed Support 


[2] Highlight Static 
Structural; the 
environment conditions 
should look like this. / 


25 


So lve 


Sn 


[3] Since the geometry is 
modified, the results need to 
be re-generated. Highlight 
Modal and click Solve. 
Workbench solves both 
Static Structural and 
Modal. — 


Se ee 


Tabular Data 


‘pl Project 
S Model (A4, B4, C4) 

+] Jf Geometry 

[+] yo Coordinate Systems 

ASB Mesh 

=|. f=] Static Structural (A5) 
FX Analysis Settings 
JY, Fixed Support 
JB, Displacement 
SB. Force 


Ad] Solution Ifformation 
=) E] Modal (B5) 
ize Pre-Stress (S 
Wa Analysis Settiggs 
=| AG] Solution (Bg) 
Ail Solutiog Information 
J&B Total Geformation 
JB Total Peformation 2 
J&B Total Peformation 3 


JAS Tptal Deformation 11 
B>tal Deformation 12 
Sao) § Transient (C5) 
+) 4g) Initial Conditions 
AN Analysis Settings 

AB Fixed Support 


Je, Displacement 
&. Force 
=|--7\@2] Solution (C6) 
ga Solution Information 
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[4] The natural 
frequencies should be 
the same as before 


(11.4.2[12], page 412), 
with negligible 
numerical differences. | 


a. 
[5] Control-select these 
three environment conditions 
in Static Structural and 
drag-and-drop them to 
Transient. # 


7 


460 Chapter 12 Transient Structural Simulations 


[2.5.6 Set Up Analysis Settings 


[!] Highlight Analysis Settings of Transient 
and type 2 for total number of steps. | 


Step Controls 
Number Of Steps 2 


Current Step Number | 1 
Step End Time 0.15 
Auto Time Stepping Off 


Define By Time . 

asain ee [2] We're now setting up the first load step. | 
Of 

Solver Controls 

Solver Type Program Controlled P A : 

anichorinas = [3] The ending time of the first step is 

Large Deflection On arbitrary. Here we type 0.1 (s). | 


App. Based Settings Moderate Speed Dynamics 


+) Restart Controls 

i cepa Coane [4] The first load step is further divided into two substeps, 
+) Advanced . . ‘ 

ai each 0.05 s. We will explain this later. | 

+|| Damping Controls 

+ Analysis Data Management 

+ Visibility [5] Turn off Time Integration to perform a 
——————— static simulation for this step. | 


+ +> + + + + 


+ 


a ; ii [8] The total time for transient simulation is 
0.08 seconds (0.18 - 0.10 = 0.08). | 


[6] Make sure Large Deflection is on. The prestress (387.16 N; 
1 1.4.2[1 1], page 412) can be included only in a nonlinear simulation. | 


[7] Type 2 (or click Step 2 in Tabular Data). 
We're now setting up the second load step. | 


Step Controls 


Number Of Steps 


Auto Time Stepping On \ 
Define By Time 


Carry Over Time Step | Off 


initial Time Step 1.e-004 5 


oe ee [9] Make sure Auto Time Stepping is on to let Workbench 
Maximum Time Step | 1.e-003 s decide integration time steps according to response frequencies. | 


Time Integration On 


2) 
Solver Controls 
Solver Type Program Controlled 
oa il [10] Set the initial time step to 0.0001 seconds. | 
Large Deflection On 


App. Based Settings | Moderate Speed Dynamics 
Restart Controls 

Nonlinear Controls 

Advanced 

Output Controls 

Damping Controls 


[I 1] Set the minimum time step to |/10 of the initial time step. | 


Analysis Data Management i a: 
Visibility [12] Set the maximum time step to 10 times 
the initial time step. | 


[13] Make sure Time Integration is on for the second step. | 


[14] Make sure Large Deflection is on so that the 
prestress is included. # 
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[2.5.7 Set Up Initial Condition 


@ @ Fixed 
TTTt ee ; 


Supports | 
gs G@_ Displacement 


Structural 
=_" ww 


[1] With Transient 
highlighted, insert a 
Displacement. 7 


—s 


—--------- = 


100002¢2C~*”s—i—<( nn ------------- 
RS 

5, 
2.5 

0. 


[6] The second step is deactivated 
(i.e., the displacement is released). # 


Section 125 Guitar String 461 


Details of "Displacement 2” 


seme Lf Select the 
meer 
Geometry s string, using the 
| Definition vertex filter if 
necessary. | 


Coonlinate System | Global Coondinate System 


[3] Select Tabular 
5 (Time) for Y 
ZComponent | Fiee Component. | 
re” 


[4] Type tabular data like this (also 
0.18 see 12.2.5[9], page 436; the equal 


sign = is not relevant in this case). | 


Id 


3 Tabular Data 
Steps | Time [s] |fv Y [mm] 


Delete Row(s) 


Activate/Deactivate at this step! 


ee sas 
‘ 7 ( 


[5] Select the second step and 
Right-click-select Activate/ 
Deactivate at this step!. { 


a 
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12.5.8 Insert Result Objects and Solve the Model 


u 
Deformation 


[1] With Solution of 
Transient highlighted, 
insert a Deformation/ Probe 

Total. — 


- = N y \ 


fr % 


[2] Insert a Probe/ 
Deformation. / 


\ Ps 


Details of "Deformation Probe” 


Tn 
ppwessed 


[3] Select the 
middle point of the 
string. | 


ntation Global Coondinate System 


[4] We want to see the 
Y-displacement. | 


Maxinem Value Over Time 


\ 


[5] Highlight Solution/Solution 
Information of Transient. Select 
Force Convergence to watch how 
Workbench solves the model. | 


Solution Information 
Solution Output Fouwe Convergence | 
Newton-Raphson Residuals 0 


Identify Element Violations [0 25 


Display Poants All [+] gal Initial Conditions 


[=]| FE Coanectioa Visabality 


Solve 


Avtvete Viabili ¥ Wa Analysis Settings 
es J@, Fixed Support 
Cr J, Displacement 
Dra Couedt Atha To |All Nodes 
J Ye Force 
a nln {Displacement 2 
Viste on Ress ———_—*(t “e 
een ai =| -/§| Solution (C6) [6] Click Solve. # 
= Aa Solution Information 
Display Type o_ @% Total Deformation 
rr g& Deformation Probe 
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12.5.9 View the Results 


» 

[1] Highlight Deformation Probe; it 
shows a deflection-versus-time plot for 
the middle point. | 


= | 
E A] 
-25 
may 
-7.7443 
25e-2 5.e-2 7 5e-2 0.1 0.125 0.15 0.18 
(s] 
1 2 
-_ 5% 
[2] We are now preparing an 
p 4 animation. Highlight Solution/ 
Total Deformation of [3] Select Result/ 
Thick Shells Transient. Make sure Display/Contours/ 
and Beams Display/Style/Thick Cronineure Solid Fill. Color contours 
Style Shells and Beams is off. — . are not important here. / 
-—~, a 
- —~s 


[6] Click [4] Select Result 


[5] Select slowest 
animation speed. < 


[7] Initial 


condition. # 
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[2.5.10 Pluck at Quarter Point 5. {@) Transient (C5) 


+] gal Initial Conditions 
N Analysis Settings 


Vix 
Lietails of “Displacement 2” if v¥, Fixed Support 
Scoping Method | Geomety Selection . ‘ Force 
[1] Highlight ‘ica me 
O . Bee Displacement 2 
Displacement 2 of + 


, =a] Solution (C6) 
Transient and reselect a AD Sulution Sifarection 


quarter point (see [2]). | "BY Total Deformation 
/ J Deformation Probe 


Cooudinate System | Global Cooudinate System 


[2] Now, the displacement 25 
is now applied at a quarter 
a point. > Solve 


EI Displacement 2 
Components: Free, 10., Free mm 


re es [3] Click Solve. — 


[4] The deflection-versus-time plot for 


the middle point. | 


0.18 
7.0817 
5 vit 
} 
(Fi 
25 | f 
= r ' 
—E ' 4 
25 | t | 
| | 
ri | 
5. 
7.3753 
0 25e-2 S.e-2 7 Se-2 0.1 0.125 0.15 0.18 


[5] Animate the 
deformation. # 
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[2.5.11 Pluck at Eighth Point Det of “Displacement ——er 


[=]| Scope = ‘ ; 
. | [I] Highlight 
Displacement 2, 


Geomety 1 Vertex ® | chth 
| Definition reselect an eighth point, 
and solve again. | 


Type Displacement 
Base Excitation 


is 


Globel Cooudinate System 
Toles Dt 


[1 Displacement 2 rr 


Components: Free, 10., Free mm 


[2] The deflection-versus- 
___ time plot for the middle 


point. | 


° 


(mm) 


5.e-2 75e-2 0.1 0.125 


m 
w 
® 
ia) 
o 
—_ 
w 


0.18 


[3] Animate the 
deformation. | 


Wrap Up 
[4] Save the project and exit Workbench. # 
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Section 12.6 


Review 


[2.6.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Coulomb Damping 7. ( ) No Separation Contact 

2. ( _ ) Critical Damping 8. (__) Random Vibration Analysis 

3. (_ ) Explicit Dynamics 9. ( ) Response Spectrum Analysis 

4. (___ ) Harmonic Response Analysis l0.( —_) Steps, Substeps, and Equilibrium Iterations 
5. (__ ) Lumped Mass Model ll.( — ) Viscous Damping 

6. ( — ) Material Damping 

Answers: 


L(E) 2(B) 3 (1) 4(F) 5 (A) 6(D) 7(K) &(H) %(G) 100) ) 
CC) 


List of Descriptions 


(A) Analysis models that assume the mass concentrated at certain locations. The discrete masses are typically 
connected by springs and dampers. The models are often used to study dynamic systems. 


(B ) When the damping of a dynamic system is smaller than a critical value, its free vibration is oscillatory. On the 
other hand, if the damping is larger than the critical value, the motion is not oscillatory. 


(C) The damping due to the friction between the structure and its surrounding fluid. The damping force typically 
assumes to be proportional to the velocity of the structural displacement. 


(D) Also called solid damping or elastic hysteresis. The damping due to the internal friction in the material. The 
behavior is still an open research topic. In the Workbench, assuming small material damping, we may express it by an 
equivalent viscous damping. Further, the viscous damping coefficient (of this equivalent viscous damping) is assumed to 
be a linear combination of the stiffness matrix and the mass matrix. The form of linear combination (alpha and beta) is 
then determined by lab experiments and data fittings. 
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(E ) Also called Coulomb friction or dry friction. The damping is due to the friction in the connection between 
structural members. In Workbench, it can be modeled using frictional contact. 


(F ) A dynamic analysis to investigate the maximum response of a structure under steady harmonic (sinusoidal) loads. 


(G) A dynamic analysis to evaluate the maximum response of a structure under loading conditions described by a 
spectrum representing the maximum response at varying frequencies in known directions to a specific time history. The 
technique is often used to design structures withstanding multiple short-duration loadings, such as earthquakes. 


(H) A dynamic analysis to evaluate the probabilistic response of a structure under probabilistic loads described by a 
spectrum representing probability distribution of excitation at varying frequencies in known directions. The technique is 
used to design structures withstanding random loadings. 


(| ) A technique for transient dynamic analysis. Explicit integration method is used, which requires a very small 
integration time step to achieve solution accuracy. For a single time step, it is much more efficient than an implicit 
method, which is used in a Transient Structural analysis system. These features make it very efficient for a high- 
speed impact simulation, or highly nonlinear simulations. 


(J ) We may divide the whole loading history into steps, to specify different Analysis Settings for each step. Each 
step can be further divided into substeps. For transient dynamic simulation, each substep is an integration time step. For 
nonlinear simulation, dividing into substeps is to expedite convergence. In nonlinear simulations, each substep may need 
several equilibrium iterations to find its solution. 


(K_) Two surfaces with No Separation contact condition prohibit separation in their normal direction, but allow 
small sliding relative to each other. Both Bonded and No Separation contact types do not introduce contact 
nonlinearity. 


|2.6.2. Additional Workbench Exercises 


High-Speed Impact Simulation 


The impact simulation in the Section | 2.4 is actually not useful, since the material (of Young's Modulus |0 kPa) is not 
realistic and the impact speed (0.5 m/s) is slow. Try more realistic simulations by yourself using the same geometric 
model. Gradually increase the Young's modulus and the impact speed. Each time you may need to decrease the 
integration time step. This exercise is to experience the limitation of the implicit method, which is used in a Transient 
Structural analysis system. High-speed impact simulations are more suitable by using Explicit Dynamics analysis 
system (Chapter [5). 
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Chapter I3 


Nonlinear Simulations 


When the relationship between the response and the load of a structure is linear, the structure is a linear structure, and 
the simulation is a linear simulation. Otherwise, the structure is a nonlinear structure and the simulation is a nonlinear 
simulation. In the real world, all structures are more or less nonlinear. In many cases, however, when nonlinearities are 
negligible, we may predict their behavior using linear simulations. For other cases, when nonlinearities are not negligible, 
nonlinear simulations are needed. 

Structural nonlinearities come from three sources: large deformation, change of connectivity, and nonlinear stress- 
strain relations. Nonlinearity due to large deformation is called geometry nonlinearity. Nonlinearity due to the change of 
connectivity is called topology nonlinearity, which includes failure of structural components and change of contact status. In 
this chapter, we will discuss the change of contact status only, which can be termed contact nonlinearity. Nonlinearity due 
to nonlinear stress-strain relations is called material nonlinearity and will be covered in Chapter 14. 

In general, nonlinear simulations are much more challenging than linear simulations. They not only take much 
computing time, but sometimes fail to find a solution. Solution behaviors of nonlinear simulations highly depend on 
settings of solution parameters. A thorough comprehension of these solution parameters becomes critical when you 
want to adjust these parameters to reduce the computing time, or try to successfully find a solution. 


Purpose of This Chapter 


This chapter discusses nonlinear solution algorithms and focuses on geometry nonlinearity and contact nonlinearity. 
Material nonlinearity will be covered in Chapter 14. This chapter provides some basics of nonlinear simulations process, 
so that you can understand and use various solution parameters. 


About Each Section 


Section |3.| provides some basics of nonlinear simulations, including Newton-Raphson method, the solution method 
used in Workbench. Concepts of convergence follow the introduction. Section |3.2 provides a step-by-step example of 
geometric nonlinearity. Section 13.3 provides a step-by-step example of contact nonlinearity. Section |3.4 provides an 
additional exercise of contact nonlinearity. 
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Section 1|3.! 


Basics of Nonlinear Simulations 


D, D, D, D, D, Displacement { p} 


PART A. NONLINEAR SOLUTION METHODS 


13.1.1 What Are Nonlinear Simulations 


[1] In a linear simulation, the response is linearly proportional to the load. More specifically, let's use Eq. 1.3.1(1) for the 
upcoming discussion 


[K ]{p} = | \ Copy of Eq. 1.3.11), page 35 


The nodal force {F} may represent the load; the nodal displacement {D} may represent the response (stress and strain 
can be computed from the displacement); the stiffness matrix [K] contains the proportionality coefficients between the 
force and the displacement. Eq. |.3.1(1) can be conceptually plotted as shown in [2]. Note that both the horizontal 
axis and the vertical axis are actually multi-dimensional (i.e., vectors), and [K] is actually the gradient of {F} with respect 
to {D}. [K] is a matrix of dimension n by n, where n is the degrees of freedom of the system. In cases of single degree 
of freedom, [K] is a scalar and is the "spring constant" of the structure. 

Performing a linear static simulation means to solve Eq. |.3.1(1), once and for all. For linear transient dynamic 
simulations, Eq. |2.1.4(1) (page 426) is solved instead; it involves integrations over time domain. In each integration 
time step, the equation is solved exactly once. | 


[3] In a nonlinear simulation, 
[K] (slope of the curve) is 
changing with {D}. | 


Force {F} 


[2] In a linear simulation, 
[K] (slope of the line) is 
constant. > 


Force {F} 


Displacement {DV} Displacement {D} 


[4] In a nonlinear simulation, the relation between {F} and {D} is nonlinear, as shown in [3]. Note that, in [3], we've 
shown a "concave down" curve, but it may also be a "concave up" curve, or even a curve with inflection points. In 
nonlinear cases, [K] matrix in Eq. 1.3.1(1) is no longer a constant matrix, it changes with {D}; that is, [K] is a function of 
{D}. To emphasize this, we may rewrite 


[K(D) {PD} = {Ff (1) 


Challenges of nonlinear simulations come from the difficulties of solving Eq. (1). # 
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13.1.2 Causes of Structural Nonlinearities 


[1] As mentioned in the opening of this chapter, sources of structural nonlinearities can be classified into three 
categories: geometry nonlinearity, topology nonlinearity, and material nonlinearity. A problem may include more than 
one category of nonlinearities. 

A linear simulation implies that no nonlinearities are present; it in turn implies (a) the deformation is very small, (b) 


there is no topological change, and (c) the stress-strain relation is linear; i.e., it can be described by Hooke's law. It also 
implies that the principle of superposition is applicable and the solution is independent of loading history. On the other 
hand, in nonlinear problems, the principle of superposition is not applicable and the solution may depend on loading 
history. | 


Geometry Nonlinearity cus of “aaa 
etsils of “Analysis Se 


[2] Geometry nonlinearity is due to large deformation of El| Step Coatrols 
structures. The stiffness matrix [K] is composed by element ae 
stiffness matrices, and each element stiffness is a function of the : 

; : : Pp ime S 
element's material properties as well as geometry. When the ‘Ato Time Stepping | Paogam Contrclled 
deformation of structure is so large that the stiffness matrix [K] =| Solver Coatzols 
is changed substantially, geometry nonlinearity must be Progvarn Controlled 
considered. To include geometry nonlinearity, simply turn on se 

ion ie Saeel Scives Pivot Ces | Pg Contd 

Large Deflection in Analysis Settings [3]. Among the Fe 5, Ot 


three sources of nonlinearities, geometry nonlinearity is usually 
the easiest to tackle: reducing time steps is usually enough to 
improve the convergence. Some exceptions (e.g., the pneumatic 
finger of Section 9.1) need special treatments. In this book, so 
far, we've experienced many simulations involving geometry 
nonlinearity. Section 13.2 provides one more exercise for 
geometry nonlinearity. > 


[3] To include geometry 
nonlinearity, turn on Large 
Deflection in Analysis 
Settings. | 


Topology Nonlinearity 


[4] When the topology (connectivity) of a structure changes, its stiffness matrix also changes. Possible topology 
changes include failure of structural members or materials, and the changes of contact status. In this chapter, we will 
cover only contact nonlinearity; i.e., change of contact status. 

Contact nonlinearity itself is challenging and, moreover, it is usually accompanied by large deformation. In this book, 
so far, we've experienced many simulations involving contact nonlinearity. Sections 13.3 and 13.4 are two more 
exercises for the contact nonlinearity. 


Material Nonlinearity 


When its material's stress-strain relation is not linear (i.e., it cannot be described by Hooke's law), the problem involves 
material nonlinearity. In these cases, we need other ways of describing the relation between stress and strain (or stress 
and strain rate, when dealing with viscous materials). A mathematical model used to describe a stress-strain 
relationship is called a material model. Eqs. |.2.8(3-4) (page 32), are two examples of material models. A material 
model is usually a mathematic form with some parameters; these parameters are usually determined by data fitting 
using material test data. 

Besides Hooke's law, Workbench provides many other material models. Use of these material models is one of the 
most challenging tasks in the finite element simulations. We will discuss a few material models in Chapter 14. # 
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13.1.3 Load Steps, Substeps, and Equilibrium Iterations 


Steps (Load Steps) 


[|] You can divide the entire loading history into one or 
more load steps, or simply called steps. The number of 
steps can be specified in the details view of Analysis 
Settings [2]. To switch between steps, you can type a 
step number in the details view [3], click a step number 


[2] Total number of 
steps can be 


specified here. | 


Details of “Analysis Settings" i) 

. ; ; =]| Step Coatrols 

in Graph [4], or click a step number in Tabular Data NunberOfSeps 2S 
[5]. Each step can have its own analysis settings [6]. CusentStepNumber|1. = Qs 
Sepma tine [OTs 
, Axo Tine Sepig [oor \ 
Time Steps (Substeps) [Define By [Time |) \—— 

Each load step is further divided into substeps, or time [3] To switch between 
steps. In dynamic simulations, time step is used for cf Sclver Conti - steps, type a step 
integration over time domain (Chapter |2); main number here... / 


consideration of the time step size is to capture the 
response characteristics. In static simulation, a load step 
can be divided into substeps to achieve or enhance 
convergence. Smaller time step size usually converges 
easier, but, of course, needs a greater number of time 
steps to complete a load step. 


Iterations (Equilibrium Iterations) 


For nonlinear problems, each time step itself needs 
several iterations to solve Eq. 13.1.1(1) (page 469). Each 
iteration involves solving a subproblem, Eq. |.3.1(1) (page 
35), the linearized equilibrium equation. Solving Eq. 
|.3.1(1) is called an equilibrium iteration, or simply 
iteration. We will introduce the process of equilibrium 
iterations, known as the Newton-Raphson method, in the 
next subsection. 7 


[6] Each step has its own 
analysis settings. # 


number here. f 


[4] Or click a step 
number here... > 
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13.1.4 Newton-Raphson MethodlRef !] 


[1] Suppose that the simulation proceeds at a certain time step [2-4], where the displacement is D,, the external force 
is F,,andP represents the point at the response curve described by Eq. 13.1.I(1) (page 469). Now, the time is 
increased one substep further, so the external force is increased to F, + AF [5], and we want to find the displacement at 
next time step [6]. 

Starting from the point P,,Workbench calculates a tangent stiffness [ K(D,) |; the linearized stiffness, and solves the 
following equation 


[ K(D,) ]{ AD} = {ar} (1) 


The displacement D, is increased by AD and advances to D.. Now, in the D-F space, we are at (D,,F, + AF) (i.e., the point 
P’), far from our goal P,. To proceed, we need to “drive” the point p’ back to the actual curve (i.e.,P). 

Substituting the displacement D, into the left-hand side of the governing equation, Eq. | 3.1.1(1), we can calculate the 
actual force F needed for the displacement D,, 


[K(D,) ]{>} ~ vif 


Now we can locate the point (D,,F), which is on the actual force-displacement curve. The difference between the 
external force (here,F, + AF) and the balanced force (here, F) is called the residual force of that equilibrium iteration, 


Ft = (F, + AF)—F 


If the residual force is smaller than a criterion, then the substep is said to be converged, otherwise, another equilibrium 
iteration takes place. The iterations repeat until the convergence criterion satisfies. 
The procedure described above is called the Newton-Raphson Method. | 


[5] External force 
at next time step 
(known). \, 


[4] External force 
at current time 


[2] Actual force-displacement 
step (known). 7 


curve (unknown), governed by 


[K(D) [Df = fF}. Z 


Displacement {D} 


[3] Displacements at current 
time step (known). \ 


[6] Displacements at next 


time step (unknown). # 
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13.1.5 Convergence Criterial®ef 2] 


[1] In the last subsection, we stated that when the residual force F* is smaller than a criterion, then the substep is 
converged. This statement is not strictly correct. There are at most four convergence criteria that can be activated 
under your control, namely, force convergence [2], displacement convergence [3], moment 
convergence [4], and rotation convergence [5]. The moment convergence and rotation convergence can be 
activated only when shell elements or beam elements are used. These convergence monitoring methods are all 
defaulted to Program Controlled, that is, Workbench automatically turns on any of them when it is appropriate. 
You may manually turn off or turn on any of them. 

When you turn on any of them, you may specify a Value, a Tolerance, and a Minimum Reference. The 
criterion is then 


Criterion = Tolerance xX maximum( Value, Minimum Reference) 


The force (or moment) convergence satisfies when 
|F* | < Criterion 
The displacement (or rotation) convergence satisfies when 


|AD| < Criterion (2) 


where il denotes the norm of the underlying vector, and is called a Convergence Value. Value defaults to ANSYS 
Calculated, which usually means the current maximum value. In 1|3.1.4[2-6] (last page), as an example, the current 
maximum force value is lF 4 ,and the current maximum displacement value is |p ol Tolerances default to 0.5%. Note 


that setting up a Minimum Reference is to avoid a never-convergent situation when Value is near zero. | 


Details of "Analysis Settings” 


Solver Coatrols 
Newton-Raphson Optio: 


On 
Calculated by solver [2] You can turn on 


05% Force Convergence 
[4] When shell elements or and set the criterion. | 


1 
On 
beam elements are used, 
Moment Convergence aoe 05% 
can be activated. | 


Ca [3] You can turn on 
Displacement 
—Tolerance 05% 
a Convergence and set the 
[5] When shell elements or sill 
_ ue ver 
beam elements are used, i, eer ace 
Rotation Convergence Minium Reference 0." 
can be activated. # 2 On 


Analysis Data Management 
Visibility 


CN 
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13.1.6 Solution Information 


[1] A text form of convergence values and criteria for each iteration is available in Solution Information [2]. A 
graphics form of this information is also available [3]. A key to tackle nonlinear problems is the ability to interpret and 
take measures using this information. \, 


Details of "Solution Infonnation™ 
(=|| Solaton Information 


Solution Output 


[2] In Solver Output, 
convergence values and criteria 
are listed in a text form. / 


FORCE CONVERGENCE VALUE = 0.9949EF-01 CRITERION= 0.2227£-01 
EQUIL ITER 1 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 9.9229E-02 
LINE SEARCH FARAMETER = 1.000 SCALED MAX DOF INC = 0.9229E-02 
FORCE CONVERGENCE VALUE = 0.6719E-02 CRITERION= 0.2173E-01 <<< CONVERGED 
>>> SOLUTION CONVERGED AFIER EQUILIBRIUM ITERATION 1 
*e® LOAD STEP 1 SUBSTEP 9 COMPLETED. CUM ITER = 20 
wee THRE = TIME INC = 9.100000 


FORCE CONVERGENCE VALUE = 0.9542E-01 CRITERION= 0.2455£-01 
EQUIL ITER 1 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 
LINE SEARCH PARAMETER = 1.900 SCALED MAX DOF INC = 
FORCE CONVERGENCE VALUE = 0.4753E-02 CRITERION= 0.2415E-01 << 
>>> SOLUTION CONVERGED AFIER EQUILIBRIUM ITERATION Zz 
eee LORD SIEP p SUBSTEP 106 COMPLETES. CUM ITER = 
vee Ti = 1.900000 TIME INC = 9.100000 


Details of "Solution Information" a 
o_O ee —e— Force Convergence ——»—— Force Criterion 


— — - Substep Converged 


[3] Convergence values 
and criteria are displayed in 
graphics form. # 


Fe 1, % 4, 8, 8. 10, 12. 14, 14. 18. Z1. 
Cumulative Iteration 


@Seismicisolation 


Section 13.1 Basics of Nonlinear Simulations 475 


13.1.7 Line SearchlRef 3] 


[1] In the example of |3.1.4[2-6] (page 472), each 
equilibrium iteration (Eq. |3.1.4(1), page 472) calculates a 
displacement AD, that is smaller than the goal, therefore 
several iterations are needed to reach the goal. That is 
true in cases when the F-D curves are monotonically 
"concave down," such as 13.1.4[2]. 


In cases when F-D curves are highly nonlinear or 
“concave up," the calculated displacement AD ina single 
iteration may "overshoot" the goal [2]. In such cases, a 
numerical technique called Line Search can be 
activated to "scale down" the incremental displacement 
[3-4]. In these cases, Line Search is helpful, but takes 
extra computing time. — 


Details of “Analysis Settngs” 


Force 


Displacement D, D 


Calculated AD 


[2] In cases when the F-D curve is 
highly nonlinear or concave up, the 


Step Coatrols 
[Monies Gontals 
[3] Line Search can be 


turned on to scale down the 
Line Seauch ‘ne incremental displacement. 
By default, it is Program 


calculated ADin a single iteration 
may overshoot the goal. / 


Controlled. — 


[4] Line Search 
Parameter scales down the 


Sse f/f 


incremental displacement. # 


FORCE CONVERGENCE VALUE = 327.2 CRITERION= 0.2962 
EQUIL ITER 1 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= -0.1956 
LINE SEARCH PARAMETER = 0.5779 SCALED MAX DOF INC = -0.1131 


FORCE CONVERGENCE VALUE = 179.4 CRITERION= 0.2133 

EQUIL ITER 2 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 0Q.1267E-01 
LINE SEARCH PARAMETER = 1.9000 SCALED MAX DOF INC = Q0.1267E-01 
FORCE CONVERGENCE VALDE = 34.92 CRITERION= 0.2253 


EQGUIL ITER 3 COMPLETED. 
LINE SEARCH PARAMETER = 9 


WEW IRIANG MATRIX. MAX DOF INC= 9.1004 


FORCE CONVERGENCE VALUE 30.56 CRITERION= 0.2916 

EQUIL ITER 4 COMPLETED. NEW ITRIANG MATRIX. MAX DOF INC= 0.1047E-01 
LINE SEARCH PARAMETER = 1.9000 SCALED MAX DOF INC = (6.1047E-01 
FORCE CONVERGENCE VALUE = §.£867 CRITERION= 0.3076 

EQUIL ITER 5 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 0.1734E-01 


LINE SEARCH FARAMETER = Q. SCALED MAX DOF INC = Q.1487E-01 
PORCE CONVERGENCE VALUE = 2.724 CRITERION= 9.3313 
EQUIL ITER COMPLETED. WEW TRIANG MATRIX. MAX DOF INC= 0.3472E-03 
LINE SEARCH FARAMETER = 1.000 SCALED MAX DOF INC = O.3472E-03 
FORCE CONVERGENCE VALUE = 0.2257 CRITERION= 0.3382 <<< CONVERGED 
>>> SOLUTION CONVERGED AFTER EQUILIBRIUM ITERATION 6 
eee LOAD SIEP 2 SUBSTEF 114 COMPLETED. CUM ITER = 1é89 
eae TIME = 1.89355 TIME INC = 0.288325E-01 


*x* BUTIO TIME STEP: NEXT TIME INC = 0.43249E-01 INCREASED (FACTOR = 1.5000) 


EE LL 
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PART B. CONTACT NONLINEARITY 


13.1.8 Contact TypeslR¢f 4 


[1] Several contact types are available in Workbench [2]: Bonded, No 
Separation, Frictionless, Rough, Frictional, and Forced 
Frictional Sliding, described as follows according to increasing degree 
of nonlinearity. 


Bonded 


Two faces (or edges) in Bonded contact are coupled together both in 
their tangential direction and normal direction. No contact nonlinearities 
are introduced. 


No Separation 


Two faces (or edges) in No Separation contact are coupled in their 
normal direction only. The tangential direction allows a small sliding on 
each other. No contact nonlinearities are introduced since small 
displacement theory is assumed for the sliding. 


Rough 


Two faces (or edges) in Rough contact are free to separate. But, when 
in contact, they cannot slide in tangential direction, due to large friction 

between them. This contact type introduces contact nonlinearities. No 
small displacement theory is assumed. 


Frictionless 


Two faces (or edges) in Frictionless contact are free to separate. And, 
when in contact, they may slide in tangential direction without any friction 
force. This contact type introduces contact nonlinearities. No small 
displacement theory is assumed. 


Frictional 


Two faces (or edges) in Frictional contact are free to separate. And, 
when in contact, they may slide only when the shear stress between them 
exceeds a critical value, calculated by multiplying the normal stress by a 
friction coefficient, which is input as a contact property. This contact type 
introduces contact nonlinearities. No small displacement theory is 
assumed. 


Forced Frictional Sliding 


Similar to Frictional except that there is no "sticking" state; i.e., two 
faces (or edges) slide even when the shear stress is below the critical 
value. 7 
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[2] Several types of 
contact are available. | 


Shell Thickness Effect 

]| Definition 

Type 
Faction Coefficient 


Behavicw a - 
Tam Contact Fouwced Fa On 


Suppressed No 


Ee) 


Formulation Program Controlled 
Detection Method Program Contolled 


Penetration Tolerance Program Contiolled 


Time Step Contols 
a eee 


Interface Treatment Add Offset, No Ramping 


Contact Geometry Comection | None 


| 


Linear vs. Nonlinear 


Contacts 


[3] The contact types Bonded and 
No Separation are called linear 


contacts because they assume small 
deformation and involve no 
nonlinearities. The other contact 
types will introduce contact 
nonlinearities. # 


13.1.9 Contact versus Target 


[|] To specify a contact region, you need to select a set of 
Contact faces (or edges) and a set of Target faces (or edges) 
[2]. During the solution, Workbench checks the contact status 
for each node (or integration point) on the Contact faces 
against the Target faces. 

lf Behavior is set to Symmetric, the roles of Contact 
and Target will be symmetric [3]; i.e.,. Workbench checks each 
point on the Contact against the Target, as well as each point 
on the Target against the Contact. If Behavior is set to 
Asymmetric, the checking is only one-sided. 

Consider a point, on a Contact face, which is approaching 
a Target face. The point is called a contacting point. 
Workbench keeps tracing the contacting point so that it won't 
penetrate into the target face. When the point is in contact with 
the surface, Workbench starts to enforce contact compatibility 
(i.e., preventing penetration). 

In some cases, when Symmetric behavior is not available, 
or when you want to set to Asymmetric, to save the run 
time, selection of Contact and Target becomes important. 
You may select Target faces using the following guidelines: the 
faces belong to a body with fixed supports, the faces belong to a 
body with more rigid material (higher Young's modulus), the 
faces of less curvature, etc. 

For Symmetric, results are reported for both contact and 
target sides. When Asymmetric is used, all result data is on 
the contact side. 


13.1.10 Contact Formulations! >! 


[|] Workbench offers several Formulation options [2] to 
enforce contact compatibility at the contact interface; i.e., 
preventing penetration of the contacting point into the target 
faces. 


MPC (Multi-Point Constraint) 


For linear contact types (Bonded and No Separation), a 
multi-point constraint (MPC) formulation is available. MPC 
internally adds constraint equations to couple the displacements 
between contacting faces. Although you can use other 
formulations for Bonded and No Separation contact types, 
MPC is recommended for these linear contact types, since it is 
a direct, efficient formulation. 7 
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[2] To specify a contact region, you 
need to select a set of Contact 
faces (or edges) and a set of 
Target faces (or edges). | 


Jetails of "Frictional - Prong To Insert) 


t Bodies | 


ontac 
Target Bodies 
Shell Thickness Effect No 


=]| Definition 
Fis 
Faction Coefficient 0.1 
Scope Mode Manvel 
Pega Contd 
Sr a oe 


[3] lf Behavior is set to 
Symmetric, the roles of 
Contact and Target will be 
symmetric. # 


[2] Workbench offers several 
Formulation options to 
enforce contact compatibility. | 


Fourmiaton 
Detection Method 
Penetration Tolexance ‘P ey alt 
Seti DeeFoe| | 
Pinball Region 
Time Step Controls None 
[+]|Geometac Modificatioa 


nn CACC aaa aaa 


[3] Normal Stiffness (see [4], next page) can 
be input here. The input value is used to multiply 
a stiffness value calculated by the program. | | 
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Pure Penalty 


[4] Whenever a contacting point penetrates normally by an amount x_ into a target face, it will be pushed back by a 
normal force F, 


F=kx (1) 


where k is called the Normal Stiffness ([3], last page) of the contact region. A Normal Stiffness has no real 
physical meaning; it is a numerical parameter of the penalty algorithm. Solution convergence behavior is usually 
sensitive to this parameter. A larger k_ usually gives a more accurate solution (less penetration), but may raise 
convergence issues. Reducingk_ usually helps convergence, but results in increasing penetration. As a simple rule, 
whenever bumping into a convergence problem, try reducing k_ first. The Normal Stiffness can also be 
automatically adjusted during the solution (see Update Stiffness in |3.1.1 1 [1], next page). 

If sliding in tangential direction is also prohibited (e.g., Rough contact), a similar treatment can be implemented. 
Whenever a contacting point slides tangentially by an amount x , it will be pushed back by a tangential force F, 


F=kx (2) 


where k, is called the tangential stiffness of the contact region. Unlike Normal Stiffness, the tangential stiffness is 
always controlled by the program. 

Note that, in cases when Augmented Lagrange or Normal Lagrange (to be discussed) formulation is 
used, the formulations apply on the normal direction only. The tangential direction still uses Pure Penalty 
formulation, Eq. (2). When MPC is used, both normal and tangential directions use MPC formulation. 


Normal Lagrange 


Normal Lagrange formulation adds an extra degree of freedom, namely, contact pressure, to satisfy compatibility. 
Whenever a contacting point is in touch with the target face, the contact pressure is explicitly calculated. It is the 
contact pressure that prevents further penetration, 


F=A (3) 


where J is the contact pressure, and is traditionally called a Lagrange multiplier. Note that this formulation is used in the 
normal direction only. In the tangential direction, Pure Penalty formulation, Eq. (2), is used. This is where the name 
Normal Lagrange comes from. 

Normal Lagrange formulation does not require a normal stiffness, and, theoretically, it can enforce zero 
penetration. However, since no penetration is allowed, the contact status is either open or closed (a step function). 
This can sometimes make convergence difficult because contact points may oscillate between open and closed status. 
This behavior is called chattering. 


Augmented Lagrange 


The idea is to combine Pure Penalty and Normal Lagrange: the push-back normal force is 
F=kx +A (4) 


Because of the contact pressure 1, Augmented Lagrange formulation is less sensitive to Normal Stiffness k . 
Note that again, in the tangential direction, Pure Penalty formulation, Eq. (2), is used. 

Although Pure Penalty is the default setting, Augmented Lagrange is recommended for general frictional 
or frictionless contact in large deformation problems. Since Lagrange method adds an extra degree of freedom, it also 
takes extra computing time. # 


@Seismicisolation 


Section 13.1 Basics of Nonlinear Simulations 479 
13.1.1 1 Advanced Contact SettingslRe’s © 71 


Pinball Region 


. . , . : Details of "Frictional - Prong To Insext™ 
[1] The pinball is a sphere region; its radius can be defined a 


5)| Scope 


in Pinball Region. Consider again that a contacting Scoping Method Geometry Selection 
point approaches a target face. If a target node is within Comet A ies 
° . ° age $ 
the pinball region centered at a contacting node, the expe 
contacting node is considered to be in "near" contact Tauget Bodies | 
with the target node and will be monitored. Target nodes es pa a 
outside of the pinball region will not be monitored. = wavaioed 
lf Bonded type is specified, surfaces that have a gap Formulation | Pue Penalty 
smaller than the pinball radius are treated as bonded. ecichuaciaai ols lira 
Penetration Tolerance Program Controlled 
Elestc Shp Tolerance Program Controlled 
Interface Treatment Nore] Stitbase Progam Contolled 
Update Stiffness Each Iteration O 
For Bonded contact type, a large enough pinball radius Stabilization Damping Factor | 0. 
may allow any gap between contacting faces to be ignored. simone ee 
, oe Se ae Time Step Controls None O 
For Frictional or Frictionless contact types, an initial ~\Geometzic Modification 
gap is not automatically ignored, no matter how large the Interface Treatment [ Add Offset, NoRamping ©) 
pinball is, since the gap may represent the real geometry. : ae — al O 
On ome Omec One 
If an initial gap is present [2] and a force is applied, 
one part may "fly away" relative to another part [3] if the EE7"" ae 


initial contact is not established right at the end of the 
time step. 

To alleviate situations where a gap (clearance) is 
modeled but needs to be ignored to establish initial 
contact for Frictional or Frictionless contact types, 
Interface Treatment can internally offset the contact 
surfaces by a specified amount. Note that this treatment 
is intended for small gaps. Don't apply it in a large gap. 


Force 


[3] Then this part may 


"fly away" relative to 
the other part. # 


Time Step Controls 


Time Step Controls tries to enhance convergence by 
allowing adjustments of time step size based on contact 
behavior. 

By default, contact behavior does not affect auto time 
stepping, since adjustment of time step based on contact | = 
behavior may increase computing time too much. 

With Time Step Controls turned on, Workbench 
adjusts the time step size based on contact behavior. 


[2] If an initial gap 
is present... 7 


Update Stiffness 


The Normal Stiffness can be automatically adjusted 
during the solution. Whenever convergence difficulties 
arise, Normal Stiffness will be reduced automatically. 


— 
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d A: Static Stractural 
Total Deformation 
Type: Total Deformation 
Unit: mm 
| 2 Time: 1 


40 Max 
35.556 
31.111 
26.667 
22.222 


Translational Jointlef !J 


4.4444 
0 Min 


13.2.1 About the Translational Joint 


[1] A translational joint is used to connect two machine components, so that the relative motion of the two 
components is restricted to translation in a specific direction. Conventionally, translational joints are designed as 
mechanisms, composed by parts, between which the clearance or interference is inevitable; they either decrease 
precision or increase friction. The translational joint in this section is not a mechanism; rather, it is a unitary flexible 
structure, in which no clearance or interference exist. 

The translational joint [2-5] is made of POM (polyoxymethylene, a plastic), which has a Young's modulus of 2 GPa 
and a Poisson's ratio of 0.35. The most important design consideration is that the rigidity of translational direction 
should be much less than all other directions, so that the motion can be restricted in that direction only. 

Here, we want to explore the geometric nonlinearity of the structure: how the applied force increases nonlinearly 
with the translational displacement. For this purpose, we will model the structure using line bodies entirely. The goal of 
the simulation is to plot a force-versus-displacement chart. The unit system used is mm-kg-N-s. // 


[2] The translational joint is 
used to connect two 
machine components, so 
the relative motion of the [S]A prototype of 
components is restricted to translational joint. # 

translation and in this 
direction. \, 


V 


a, 


ar 
\ 
S 


\\ 


[3] All leaf springs have a 
cross section of | mm x 
lOmm. <— 


[4] All connectors have a 
cross section of 10 mm x 
lO mm. 7 
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13.2.2 Start Up 


7 
[1] Launch Workbench. Create a Static Structural 


analysis system. Save the project as Transjoint. | 


aa 
[2] Double-click Engineering 


Data to prepare the material 
properties for the POM. > 


a 

1 7 Static Structural 

2 @ EngineeringData Y ), 

3 @ Geometry _ 

4 op Model a 

5 Gi Setup P 4 

6 @@ Solution T « 

r yp Results Fw 
Static Structul | 


[5] Start up DesignModeler. Use 
Millimeter as the length unit. # 


[3] Add a material 


Outline of Schematic A2: Engineenng Data 


| Fatque Data at zero mean stress comes 
© | from 1998 ASME BPV Code, Section 8, 
Div 2, Table 5-110.1 


% Structural Steel 


& 4 Isotropic Elasticity 


Derive from 


Young's Modulus 


Poisson's Ratio 
za Bulk Modulus 


7 | Shear Modulus 


[4] Include Isotropic Elasticity and type the 
properties as shown. Note that SI units are used 
here. Return to Project Schematic. <— 


13.2.3 Create Geometry in DesignModeler 


FOOL 


[1] On XYPlane, draw a 
sketch of four horizontal 
lines. (The thicknesses of 
the lines are exaggerated 
by the author for clarity.) 
The sketch is symmetric 
about the vertical axis and 
about the horizontal axis. 
Make sure all the entities 
are blue-colored. — 


\ 


Concept Tools Units View | 


®~e Lines From Points 


A 3D Curve 


“sorstEs) 12] Create line bodies 
© “se | from the newly created 
3) Surfaces | sketch. Remember to click 
& Surfaces Generate. || 


gt, Detach 


Cross Section 


Details View 
Details of Line1 


Lines Fro Sheth 
a 
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[3] On ZXPlane, draw a sketch consisting of two 
vertical lines. (The thicknesses of the lines are 
exaggerated by the author for clarity.) The sketch is 
symmetric about the vertical axis and about the horizontal 
axis. Make sure all the entities are blue-colored. > 


i \ 


[6] Control-select the four edges 
which have the length of 60 mm. \, 


\ 
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Details View 
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Concept Tools Units Yiew . 


*~o Lines From Points 

f=) Lines From Sketches 
([F) Lines From Edges 

A, 3D Curve 


[4] Create line bodies from 
the newly created sketch 
(Sketch2). Remember to 
click Generate. | 


= 


Cross Section > 


= _—“ 


Les Fro Sits 
{Sheth 
Opentin 


| 


Concept Tools Units View ] 


“se Lines From Points 

2) Lines From Sketches 

[P) Lines From Edges 

Vy 3D Curve 

mere Split Ed ges * 

oO surfaces From Edgts 

3) Surfaces From Sky thes 

“4 [5,8] Select Concept/ 
Split Edges. <— || 


Details of EdgeSphtl 


Line-Body Tool | EdgeSplitl 


[7] Split each edge into 6 
segments. The purpose of 
the splitting is to create 
construction points on the 
edges. Remember to click 
Generate. | 
Ko“ 
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[9] Control-select the two edges 
which have the length of 40 mm. / 


| Details of EdgeS plit2 


[10] Split each edge into 4 
segments. Remember to 
click Generate. | 


Concept Tools Units View | 
[11] Select Concept/ 
Lines From Points. | 


3) Lines From Sketches 
[E) Lines From Edges [13] Each segment is created by 
A, 3D Curve selecting the starting point then 


control-selecting the ending point. 
“« Split Edges 8 &P v 


© Surfaces From Edges 
23) Surfaces From Sketches 


Qi suris Pre 


[14] Each pair of 
segments intersects at a 
construction point. / 


* 1, 
bid + 
Cross Section 


[12] Create |2 line segments 
as the leaf springs, as shown 


in [13, l|4]. 7 


=| Details of Line3 
Lines Fuom Points | Line? 
‘Point Segrrents 12 

Operation “Add Frozen 


[15] Add these segments as separate 
parts, since these leaf springs have a 
different cross section from the other 
line bodies. Click Generate. | | 


\ 
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Conere Tools Units Yiew 


*~o Lines From Points 

2) Lines From Sketches 

[> Lines From Edges ( 
VA, 3D Curve 

“=, Split Edges 

©> Surfaces From Edges = 
29) Surfaces From Sketches 


ot 


YY Surfaces Prom Face 


[16, 18] Select Concept/Cross 
Section/Rectangular. — \, 


a4 Tlieter 
bay Ee ad 


Cross Section 


be MP Rectangular 


© Circular Tube 

ff Channel Section 
ao | Section 

“L Z Section 

L, L Section 

dl, T Section 

Jf, Hat Section 

[S)] Rectangular Tube 
[3] User Inte grated 
go User Defined 


[20] Highlight the 
first 6 line bodies 
(the connectors). | 


= gf 2 Cross Sections 
ve Rectl 
vi Rect2 

=) Mp 12 Parts, 12 Bodies 
Wied Line Body 
Wied Line Body 
Wied Line Body 
Wied Line Body 
aaa Line Body 
wae Line Body 


y ~~ Line Body 
y ~~» Line Body 
y “~~ Line Body 
y ~~ Line Body 
y ~~» Line Body 
y ~~» Line Body 
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[17] Create a 10 mm 
x 10 mm cross 
section (default). <— 


[19] Create a | mm x 10 
mm cross section (B = | 
mm,H = 10 mm). / 


ES ) eB 2 Cross Sections 
vB Rect! 
vil Rect2 

=| Mp 12 Parts, 12 Bodies 
y ™ Line Body 
y ™ Line Body 
y ™ Line Body 
y ™~ Line Body 
y ™~ Line Body 
y “= Lime Body 


a . 


[22] Highlight the 
last 6 line bodies 
(the leaf springs). | 


etal my Fae g 


tails of Line Bodies: 6 


= 
cmsSecin Reo 


f ae. 


[21] Assign Rectl, which has a 
cross section of |0 mm x 10 


mm, to the connectors. 7 
Me 
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| [23] Assign Rect2, which has a 
cross section of | mm x 10 mm, 


to the leaf springs. 
L prings. . | 
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E)-Wp 1 Part, 12 Bodies View Help 
Sl y@@ Part eo tce, _v Shaded Exterior and Edges 
oon, “me Line Body Shaded Exterior 
_ ™ Line Body [24] Combine all the line bodies Siicbies 
~~ Line Body to form a single part. (Select all anhia Gulets : 
 ™~ Line Body |2 line bodies and right-click- — 
y ™ Line Body select Form New Part.) \ ¥ Frozen Body Transparency 
oo Sy Line Body ie ith 
ow Se Line Body Cross Section Alignments O 
oe, Line Body Display Edge Direction 
Display Vertices 


Nae Cross Section Solids a 


[25] Turn on View/Cross 
Section Solids. Turn off 
Cross Section Alignments. 
Close DesignModeler. # 


% 


‘G] Project 
=) |g] Model (A4) 
J Je Geometry 


y ™ Line Body 
vy ™ Line Body 
y ™ Line Body 
y ™ Line Body 
y ™ Line Body 
y ™ Line Body 


13.2.4 Linear Simulation 


vy ™ Line Body 
vy ™ Line Body 
y ™ Line Body 
y ™ Line Body 
y ™» Line Body 
‘“~ Line Body 
+) ve Cross Sections 
#2 Coordinate Systems 
J® Connections 
v@B Mesh 


[1] Start up Mechanical. Select 
the mm-kg-N-s unit system. | 


Ww 
‘ 77 Static Structural 


2 @ EngineeringData 4 
3 i) Geometry 4 
5 @@ Setup 


P [2] Select all the . a 
= = rs ° ¥ s Properties 
6 | Ga Solution P a ao eis =| Definition 
ws them tne materia Suppressed ]No 
7 | 
wv Results Sf Stiffness Behavior Flexible 


POM. | 


Coonlinate System Default Coonlinate System 
Reference Temperature | By Envisonment 


Static Structural 


j ¥ Cross Section 
Offset Mode Reftesh on Updete 
| Offset Type | Centwoid 
[Model Type | Beam 
=| Matexial : 


POM O >| 
Nonlinear Effects Yes 
| Thermel Strain Effects | Yes 


[3] Generate Mesh. | | 


Generate #| Bounding Box 
+): Properties 
a | + Statistics 
= aw 
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POE 
[4] Turn on Display/Thick Shells and 
Beams. The default settings mesh the model 
with 208 beam elements. That is fine enough 
for a model like this (see 7.2.8[4], page 289). | 


[5] With Static 
@ Fixed O- Structural 


we highlighted, insert a 
EVVE ww Frictionless Fixed Support. — 
supports 


@ Displacement 
Structural 


| 


[6] Select this vertex 
(using the vertex filter). — 


[7] Click Apply. / 


\ VY / 
fo LUNAN VS 


Details of “Fixed Support” 


|[=|| Scope 


ha Scoping Method | Geometry Selection — 
Georrety 1 Vertex 
Type Fixed Support | 
Suppwessed No 


[9] Select this 
vertex. \, 


| 


a. 
[10] Click Apply. | 


eo Fixed Details of Displacement” 


CUVE  w& Frictionless 
Supports 


[8] Insert a 


@ Displacement Displacement. {+ 


Structural 


ef 
| 


ooudinate System | Global Cocudinate System 
| Reena 40. mm Gamped) © . 


[11] Type 40 (mm) for 
X Component. || 
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SE 


[12] With Solution 
highlighted, insert a Total 
Deformation. — 


u 
Deformation 


/ Tv 
EP “= 
{ x 
[13] Insert a Probe/ 

Details of "Force Reaction” Force Reaction. // 

rc , ii 
=| Definition 

type a [14] Select 


Displacement. This 
evaluates the force 
required for the 40-mm 


‘Location Method | Boundaxy Condition 
Boundary Condition $85 oe sks 


Oventation | Global Cooudinate System . 
— a displacement ([10-1 1], 
=| Opt | me last page). | 
ResultSelecton All 
‘Display Tire ‘End Tire een re 
+)| Results -| Step Controls 
=| Maximum Value Ovex Time | Number Of Steps 1 
| X Ads | Current Step Number | 1 
¥ Axis Step End Time 1s 
2 Axis Auto Time Stepping | Program Controlled 
Total =| Solver Controls 
=| Minima Value Deas Time Solver Type Program Controlled 
Te Anis T Weak Springs Off 
¥ Aus Solver a Checking re Controlled 
- Large Deflection Oft 
Z docs -—? 
Inertia Relief Off 
| Total Quasi-Static Solution | Off 
(+]| Information +) Rotordynamics Controls 
+) Restart Controls 
| + Nonlinear Controls 


+ Advanced 

+ Output Controls 

+ Analysis Data Management 
+) Visibility 


Force Reaction 


[16] The default Analysis 
Settings are like this. Note 
that Large Deflection is 


[15] Forces are needed to maintain a displacement 
condition. For example, if a point of a structure is to 
be held still (i.e., a fixed support), forces are needed 
to maintain the zero-displacement condition. The 
forces are called force reactions. 


off. We now obtain a linear 
solution first and then obtain 
a nonlinear solution later. | 


This concept can be generalized to a nonzero 
displacement condition. In our case, we want to 
maintain a displacement of 40 mm in X-direction; the 


force required is called the force reaction for that 25 _ 
displacement. [!7] Click Solve. || 
The Force Reaction object is to evaluate the Solve ee 


force required for the 40-mm displacement. — ca 
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=| jga] Solution (A6) 
AJ] Solution Information 
AGB Total Deformation 
Je Force Reaction — 


“X\ 


[18] Highlight Force 
Reaction. | 


Details of "Force Reaction” 
=| Definition 
| Type | | Fowe Reaction 
Location Method | Boundaxy Condition 


‘Boundauy Condition Displacement * 
Oxentation Global Cooudinate System 
Suppmessed [No —_ 

is) Options 


‘ResultSelection All 


[19] The force required 
to displace 40 mm is 


74.67 N. # 
ee 


7467 
Yes Ns 


| Zads (ON 
HT 
Maximum Value Ovex Time 


Mhiaimum VYalee Ovex Time 


va 


13.2.5 Nonlinear Simulation 


[2] Click Solve. / 


Solve 
-| Step Controls B % 
Number Of Steps 1 i? $<$—————*k 
Current Step Number | 1 ‘ 
® | Solution Information 
Step End Time 1s [|] Turn on Large = Sale ak aie 
Auto T S Pro } Controll i 
uto Time Stepping rogram Controlled Deflection. — Je ForceResdion 
=| Solver Controls 
gt 
Solver Type Program Controlled r ae 
~ Details of “Force Reacton 
Weak Springs Off 


(-]; Defamation 


Solver Pivot Checking | Program Controlled 
Large Deflection EM =| 
Inertia Relief Off 
Quasi-Static Solution | Off 
+) Rotordynamics Controls 
+, Restart Controls 
+ Nonlinear Controls 


+ Advanced 
+ Output Controls [3] The force required is 


+ Analysis Data Management 10 | 43 N, which is 36% Ore 

4) Visibility than the force obtained in the 
linear simulation. This justifies 

aaa - the need for a nonlinear 


simulation. al 
\ sl 


i 


Bown Caio 
Boundary Condition | Displacement 
Globel Cooudinate System 


% 


Display Time | End Time 
Results 
_ Xdns NO 


Y Axis 


ox 
Z Axis 0.N 
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E] ga] Solution (A6) 
Ad] Solution Information 
J&B Total Deformation 
J& Force Reaction 


Fowce Convergence 
Displacement Convergence 
Moment Convergence 


Identify Element Violations 


Update Interval 


Display Points 
=]| FE Coanection Visibility |] Time Increment 


(15] Much information is 
recorded. Try these 
options one after 
another [6-8]. 7 


re 


[7] Force Convergence is a 
graphics plotting of force 
convergence values and criteria. \, 


\ 


—e— Force Convergence 


12477 
1885.4 


& 201.46 
a 


c 


2 25.599 
3.2529 


0.41335 
1 2. 3 


[4] Highlight Solution 
Information. / 


DISP CONVERGENCE VALUE 
EQUIL ITER 


DISP CONVERGENCE VALUE 
EQUIL ITER 


DISP CONVERGENCE VALUE 
EQUIL ITER 


DISP CONVERGENCE VALUE 
EQUIL ITER 


DISP CONVERGENCE VALUE 
EQUIL ITER 


DISP CONVERGENCE VALUE 
EQUIL ITER 


1 COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


2 COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


3 COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


4 COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


S COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


€ COMPLETED. 
FORCE CONVERGENCE VALUE 
MOMENT CONVERGENCE VALUE = 


f 


[6] Solver Output reports 
convergence values and criteria 
in each equilibrium iteration. 


\ 7 


oe 


= 40.00 CRITERION= 2.041 
NEW TRIANG MATRIX. MAX DOF INC= 
= 0.1248E+05 CRITERION= 0.5495 
0.2354E+05 CRITERION= 0.1244 
2 $.36€2 CRITERION= 2.082 
NEW TRIANG MATRIX. MAX DOF INC= 
= 1516. CRITERION= 8.582 
1669. CRITERION= 1.944 
= 0.8783 CRITERION= 2.125 
NEW TRIANG MATRIX. MAX DOF INC= 
e 219.9 CRITERION= 1.642 
120.8 CRITERION= 0.3718 
= 0.4238 CRITERION= 2.168 <<< CONVERGED 
NEW TRIANG MATRIX. MAX DOF INC= -0.4081 

= 239.8 CRITERION= 0.8314 
4.287 CRITERION= 0.1883 
= 0.8452E-01 CRITERION= 2.213 
NEW TRIANG MATRIX. MAX DOF INC= 
= 4.454 CRITERION= 0.8178 
2.404 CRITERION= 0.1852 
= 0.1539E-01 CRITERION= 2.258 <<< CONVERGED 
NEW TRIANG MATRIX. MAX DOF INC= -0.1509E-01 

= 0.4133 CRITERION= 0.8262 <<< CONVERGED 
0.2062E-01 CRITERION= 0.1871 <<< CONVERGED 


40.00 


-§.362 


<<< CONVERGED 
0.8725 


<<< CONVERGED 
0.7990E-01 


>>> SOLUTION CONVERGED AFIER EQUILIBRIUM ITERATION 6 


————— Force Criterion 


—sp—- Voment 
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[8] Moment Convergence is a 
graphics plotting of moment convergence 
values and criteria. Note that Moment 
Convergence is available only for the 
model with rotational degrees of 
freedom (i.e., shell or beam elements). | | 


——ifi— Moment Criterion 
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” 
A: Static Stractural ( 

een [9] Highlight Total 
fiance Deformation to view 


Unit: mm ; 
Time: 1 the deformation. | 


40 Max 
35.556 
31.111 
26.667 
22.222 
17.778 
13.333 
8.8889 
4.4444 
O Min 


[10] Workbench solves this case easily in only one substep, and the substep takes 6 equilibrium iterations to converge 
(see [7-8], last page). To plot a force-versus-displacement chart, let's use a smaller initial substep value and let 
Workbench automatically adjust the substep values for the subsequent substeps. This feature is called Auto Time 
Stepping. | 


Details of "Analysis Settings” 
(=|| Step Controls 
| Nurnbex Of Steps 1. 
|Cunent Step Nurmbex = 1. 


[| 1] Turn on Auto Time 
Stepping. | 


(Step End Time Lis 
“Auto Tire Stepping | On 
‘Define By Tue ua Use pe for 
Initiel Time Step OL s nitial Time Step. | 


| Minimum Tine Step | 1.e-O02 s 
| Mosdrnum Time Step 1. s 
[-]| Solvex Coatrols 


Auto Time Stepping 


‘ [15] Workbench uses Initial Time 
Step for the first substep. If the 
convergence behavior is merely okay, it 
continues to use that time step for the 
next substep. If the convergence 


[13] Set Minimum 
Time Step to |/10 of 
the initial time step. | 


behavior is very good, it may increase 
[14] Set Maximum the time step (typically 50%) for the 
ome =P to 10 times next substep. If the convergence 

the initial time step. > Sd 
le. J behavior is pretty bad, it may decrease 
the time step (typically 50%; called 
a_i, bisection) for the next substep. 


In cases that the convergence 
behavior is so bad that, after several 
ns times of bisections, the time step 
becomes less than Minimum Time 
Step, Workbench will stop the solution 
re procedure and report an error message 
yw for you. < 


[16] Click Solve. | | 


Cah, 
2OIVe 
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v 10 Fares 


vr 


2 Sec (Auto) 
1. 


0.125 025 0375 O5 0.625 O75 0875 1. 


; [20] The 
wr convergence 
Sle [19] Workbench behavior is good so 


decides to keep 
the same time step 

size; the second 
substep is now at 

0.2 seconds. > 


Information and 
choose Force 
Convergence. The 
first substep is at 0.| 
seconds. It takes 2 
iterations to complete 
the substep. > 


that it decides to 
increase the time 
step size by 50% 
(now 0.15 seconds). 
The third substep is 
now at 0.35 


seconds. — 
% 


maemo “- 
= ; vers 
Force Converglhnce 


- 


ox | 
= 0.990 
coment || 

Ur reeRg 

Ore S5Y \/ 

re) 

ee ae 
[< wet OCH 2 

1,9808e-2 | 

§ 37TAe4 | 

1.459 ]le-3 

3.9602e-4 

2 2 & GS 7 & 99 10 
“* 
e tt 
_—_>—_—_-@ 
»——_——~ 

—_ 
ee U, 


Cumulative Iteration 


Time is used as a counter in static simulations 


7.4853 


15.083 
26.963 
46.882 
87.12 
101.47 


[17] Highlight Force Reaction to 
examine the force history. Note that 
Workbench steps at 0.1, 0.2, 0.35, 0.575, 
0.9125, and 1.0 seconds. — 


Fl 


[21] The 
convergence 
behavior is still good, 
so it decides to 
increase the time 
step size by 50% 
again (now 0.225 
seconds). The fourth 
substep is now at 
0.575 seconds. > 


[22] The time step 
size is increased by 
50% again (now 


0.3375 seconds). 
The fifth substep is 
now at 0.9125 
seconds. | 


— —  - Substep Conve 


[23] The last 
substep is at 1.0 
second. | 


[24] In a static simulation, in which the time has no real-world meaning, Workbench uses Time as a counter. By 


default, it set 1.0 second for each step. You, of course, can change that value as you wish. In our case, since the total 


displacement is 40 mm, we may set Step End Time to 40 seconds, so that each second corresponds to a millimeter 
of displacement. , | 
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More data points; more uniform data points 


[25] In the foregoing simulation, there are only 6 data points calculated ([17], last page), and they are distributed 


unevenly. To plot a more accurate force-versus-displacement relation, we need more time steps which preferably 
distribute evenly. Let's modify Analysis Settings further. | 


sy 
Details of “Analysis Settings” a [26] Set Step End Time to 40 


5 SUedatel agua tical 
NumberOfSeps fl corresponds to a millimeter of 
displacement. | 


Cunent Step Numbex | 1. it 
Step End Time 40. s an 
: : hy 
fats Tie Seopa [Of O— | 
[27] Turn off Auto Time 
DeineBy |e , 
Stepping. | 
Time Step 2.5 Q 
=| Solvex Coatrols Solve 


Pram Contd | 


: a 
: [28] Each Time Step is set to 
Selves Pivot Checking | Pigs Contolled 2 seconds, ie.,2 mm of 
[Lewge Deflection [Oa displacement. > ’ 


= el [29] Click Solve. | 


= 


% / 


i 
i 
: 


tS 
< 
: 
i 


————_—_ ir 
[30] Highlight Force 
Reaction to examine the 


force history. | | 
\ 


@ labular Data — 
Time [s] |[v Force Reaction () [N] 


Animation > o wii) hy ? 10 Frarres + 28ec (Auto) + 


li ae 2. 3.7358 

2 (4. 7.4853 

101.42 3 _{6. 11.263 
4 (8. 15.083 

5 10. 18.961 

6 (12. 22914 

0. 7 (14. 26.959 
B16. 31.117 

> 9 |18. 35.409 
= x 10/20. 39.856 
(22. 44.498 

12/24. 49.333 

25, 13/26. 54.425 
14/28. 59.805 

15/30. 65.517 

0, 16/32. 71.618 

0. 17134. 78.171 

18136. 85.256 

19/38. 92.967 

20/40. 101.42 


~/ 
- 
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[20 


[31] Nonlinear solution 
(the data are from [30], 
last page). \, 


[33] The difference between 
the nonlinear solution and the 
linear solution is significant 
(also see [3], page 489). / 


90 


60 


Force (N) 


[32] Linear solution (according 
to 13.2.4[19], page 489). fT 


30 


0 10 20 30 40 


Displacement (mm) 


Wrap Up 
[34] Save the project and exit Workbench. # 


Reference 


|. Brian P. Trease,Yong-Mo Moon, and Sridhar Kota, 2005, "Design of Large-Displacement Compliant Joints," ASME 
Journal of Mechanical Design,Vol. |27, pp. 788-798. 
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A: Static Structural 


Section 13.3 = 


MicrogripperlRes | 2] 


13.3.1 About the Microgripper 


[|] In Section 2.6, we introduced the microgripper and created a solid model for it. The microgripper is made of a 
rubber-like polymer material and actuated by a shape memory alloy (SMA) actuator; it is tested by gripping a steel bead 
in a lab. In this section, we want to assess the gripping pressure on the bead under an actuation force of 40 iN exerted 
by the SMA. The polymer material has a Young's modulus of 200 MPa and a poisson's ration of 0.48. Since the steel 
bead is much more rigid than the polymer material, we will model the steel bead as a rigid body. This will ease some of 
the computation (convergence) difficulties. By considering the symmetries, we will model only one quarter of the 
microgripper. # 


13.3.2 Resume the Project Microgripper 


[1] Launch Workbench. Open the project 
Microgripper, which was saved in Section 2.6. | 


[5] We don't need this system 
any more. Right-click here and 
select Delete. \, 


[3] From Toolbox, drag 
Static Structural and 
drop here. | 


v B 


77 Static Structural 


2 Gi) Geometry YO, a 2 @ EngineeringData Y , 


Geometry a3 Gi) Geometry 
4 oe Model 
rs) tz) Setup 
[2] This is the 


system created in 6 Ws) Solution 
Section 2.6. 7 7 @ Results 2, 


Static Structural 


[6] Double-click 
Geometry to start up 
DesignModeler. # 


[4] A Static 


Structural system 
is created. \ 
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[3.3.3 Prepare Geometry in DesignModeler 


ols Units View Hel 
[!] Click New Plane. | Tools Units View Help 


( Freeze 
a fi, Unfreeze 
Ci) Named Selection 
e 5 @ Attribute 
Details View [2] The new plane is simply a G Mid-Surface 
=| Details of Plane4 copy of XYPlane with its 4, 
— Planet Z-axis reversed. Click Enclosure 
Type Generate. — P”] Face Split 
Bass Fan oe — 
Transform 1 (RMB) None a ha] Fill 
O) v , 
Flip XY-Axes? No : ie 
Export Cooudinate System? | No ? 
[3] Select Tools/ 
—_————————— on Symmetry. <— 
ga Merge 
8.8 Connect ————— 
» @& Projection 


oO . 
g. Conversion 


[4] Select 2 for Number of 
Planes. Select the newly [2] Weld 
created plane (Plane4) and Repeir : 
YZPlane as the planes of 7 
symmetry. Click Generate. | ; Analysis on p 
Parameters 
Electronics a 


ap Upgrade Feature Version... 


ZY Options... 


Ree 


[5] A quarter of the 
model remains. — 


Why use Plane4 instead of XYPlane? 


[6] Because we want to keep the half of the 
model behind XY Plane, so that it has better 
visual effect. When you specify a plane of 
symmetry, DesignModeler keeps the portion that 
is in the +Z side of the plane coordinate system. 


You don't have to build a full model 


To create a Tools/Symmetry feature, you 
don't have to build a full model and then slice it in 
half. You may just build a half model and use 
Tools/Symmetry to specify a plane of 
symmetry. The information that Workbench 
needs is the planes of symmetry, not the other 

x half of the model. | | 
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Concept Tools Units View 


“wo Lines From Points 
fs Lines From Sketches 
Lines From Ed ges 
Wy 3D Curve 
mere Split Edges 
© Surfaces From Edges 
3) Surfaces From Sketches 
G- Surfaces From Faces 


\ 


[7] Select Concept/ 
Split Edges. — 


Detach if . : 
oo OR on ‘ [9] Click Apply. 
Remember to click 
> —_- Generate. — 
: J 


Details View 


Create Concept Tools Units Ya 
>. New Plane 


(RS Extride 

6a Revolve 

G&, Sweep 

& Skin/Loft 
(3) ThinSurfece 


@ Fixed Radius Blend 

@, Variable Radius Blend 

< Vertex Blend 

® Chamier 

A ‘% 

ees . [Il 1, 13, 15, 17, 19, 21] Select 

i ee _ | Create/Primitives/Sphere. 

ody ormation eS 

© Boolean a ddd J 

fH Slice 
Delete 


e Point 


Pravutives 


2) Pattern 


@ Box 


& Parallelepiped 


© Cylinder 
é Cone 
@ Prism 
LY Pyramid 
@ Torus 
GF Bend 
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[8] Rotate to look at 
XY Plane and select this 
" edge (the half circle). / 


[10] The purpose of 
splitting the edge is to 
create a point at the 
contact point. We will 
use this point as the 
center to create 
imprinting arcs on the 
nearby faces. / 


Details View ad 
Details of Sphese1 [12] Select 

Imprint Faces. 
And select the 
contact point 

shown in [10] as 

Origin 
Selection. Click 


Generate. <— 
‘  - 


coe ee 
Be Tinuee? [No 


[14] Select the 
same vertex as 
that in [12]. Click 
Generate. — 


Zo 
penton [gent Fees O 
* 


[16] Select the 
same vertex. Click 
Generate. — 


ee 


Sele 


@ 
Radius @0) mai O 
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a 
Opemten ——__|Impant ares 


As Thin/Swiace? 


[18] Select the same 
vertex. Click 
Generate. ([19] is 
on the last page.) 


\ 
>=: 


O 
6 [20] Select the same 
vertex. Click 
5 Generate. ([21] is 
on the last page.) 
\ 


=]| Deteals of SphexeS 


——————————————, 


[22] Select the 
same vertex. Click 
Generate. 


Me 


e 


[24] The model tree looks 
like this. Close 
DesignModeler. # 
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[23] These spheres imprint the 
faces, dividing the faces into several 
faces. The spheres don't "slice" the 

solid bodies; they slice the faces only. 

We create these faces so we can 

specify mesh density for each face. / 


PASAT ESHER AeeeSreasoDsDaseaessasenasaeaonenese 


~~) 4 Minor! 
/ OR Revolvel 
pf Planed 
bo y ~~ EdgeSplitl 
~ ,@ Sphere! 
~ @ Sphere2 
, @ Sphere3 
-- @ Sphere4 
/@ Sphere5 
a /@ Sphere6 
FE). Aj 2 Parts, 2 Bodies 
y @® Gnpper 
~~ f@ Bead 
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13.3.4 Set Up Material in Engineering Data (“Startup 
Engineering Data 
and type "Polymer." | 7 


Model the Bead as a Rigid Body 


[1] The Young's modulus of steel (200 GPa) is 
|,000 times that of the polymer material (200 
MPa). Whenever two bodies are so different 

in rigidity, you should model the more rigid 


Outline of Schematic A2: Engineering Data P < > ‘ ~ a x 


a. eee : 
(VWAC8 | Source ‘Desgiption — 
—— Ee RES Se Se Gey 


ns =e de 


———_ + 2) 


Fatgue Data at zero mean stress comes 


2, Table 5-110.1 


one as a rigid body. This not only reduces the 4 > Structural Stee By =| © | © General_Mi from 1998 ASME BPV Code, Section 8, Div 
problem size (rigid bodies won't deform, they : 
don't need to be meshed), but also eases 


° . ° ° ° | Proper ig x 
numerical difficulties during finite element : ; oc [ole 
simulations. ’ Property i Value | unt pp 

A rigid body won't deform; therefore, its ee | 
3 = 4 Isotropic Elasticity 
Youn 's modulus and Poisson's ratio are not 4 | Derive from Young's Modulus and Poisson's Ratio 
g 
5 Young's Modulus 


relevant. For a static simulation, we can assign 
any material to a rigid body. For dynamic 
simulation, the mass density should be 
specified. 7 ————————————— 
[3] Include Isotropic Elasticity and 


input the material properties. Return 
to Project Schematic. # 


Poisson's Ratio 
Bulk Modulus 1.6667E+09 
8 | Shear Modulus 6.7568E +07 


13.3.5 Set Up Model . 


(| Project ( mi if] Project 
=| {§B] Model (a4) [1] Start up =) {gal Model (A4) 
=) Ai Geometry : ' 
© Mechanical. Select the “J Geometry 
ip bond um-kg-LIN-s units system. oo [3] Highlight 
| 3 erie A v 
+ yx Coordinate Systems Highlight Gripper. | 5 yak Coordinate Systems Bead. i 
+ Jail 7 \ J + mrs Symmetry ae 
4] on eee +) 488 Connections 
8 Me Mesh 
+) (if Named Selections +) o Named Selections 
= res Static Structimal (AS) = rie Static Structural(AS) 
yZ\ Analysis Settings na Analysis " 
=) Solution (A6) =| 7] Solution [4] Select Rigid. We model the 
{i} Solution Information Ay Solu 


steel bead as a rigid body to ease 
computation difficulties (see 
13.3.1 [1], page 495). | 


Details of “Bead” 


Coowdinate System Default Coomdinate System 


Thermal Strain Effects | Yes Statistl! 


[5] In a static simulation, a rigid body doesn't 
need any material properties. This assignment 
is simply ignored by Workbench in a static 
simulation. (Mass density is a required 
property in dynamic simulations.) , | 


[2] Select Polymer. / 
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Details of "Frictionless - Gupper 16 Bead 


——_—_—_—_—_—__—_—_—————— a. 
[6] Highlight Connection/Contact/Contact Region. 
Workbench correctly detects and establishes a contact 
region. You should examine these contact/target faces 
yourself. Note that Workbench always chooses rigid bodies 


E]| Scope 
Scoping Method Geometry Selection 
Contact 4 Faces 
= 
Contact Bodies 
Target Bodies 
&]| Definition " 
Type Fac tionless eu 
Soo Nod 
Behavior Program Contolled 
Tarn Contact Program Contnolled 
Tum Tolerance 2.0087? pm 
Suppressed No 
(-)| Advanced 
Formulation Augmented Lagrange (©) 
Detection Method Program Contolled 
Penetration Tolerance Program Contolled 
Normel Stiffness Program Controlled 
Update Stiffness Program Contolled 
Stebalization Damping Factox | 0. 
Pinball Region Program Contolled 
Time Step Contols None 
(=]|Geometac Modification 
Interface Treatment Add Offset, No Ramping 
| Offset 0. wm 
| Contact Geometry Comection | None 
Target Geometry Comection | None 


eee NG 


[9] Rotate the view to look at 
YZPlane as shown in [10]. This 
can be done by rotating the view to 
approximately look at YZPlane 
and then click the =X axis. > 


. 


[I 1, 14, 16, 18, 20, 22] With 
Mesh highlighted, insert a 


J 


(if they exist) as Target Bodies. | 


[7] Select Frictionless. | 


[8] Select Augmented Lagrange 
(13.1.10, pages 477-478) for 


Formulation. 


[10] Right-click Bead in 
the project tree and 
select Hide Body. 
Enlarge the contact 
region like this. Also 
turn on Display/ 
Display/Shaded 

Exterior and Edges 
so that the imprint 

faces are visible. / 


Details of "Face Sizing” - 8 


Gecnety Sli 


[12] Select the innermost 
semi-circular face (using 
Face Filter), which has 


cere | 
ace a radius of | um. | 
(-]| Definition 


Some NO 


[13] Type 0.125 (um) for 
Element Size. — 
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Details of "Face Sizing 2” - Sizing 


[15] Select the semi- 
annular face which has 
an outer radius of 


2 um. ([16] is on the 
last page.) 


Details of “Face Sizing 3” - Sizmg 


por na omy cig [17] Select the semi- 

annular face which 

Geanty Fee OS has an outer radius of 
G|Definition i=: 4 gm. ([18] is on the 


Suppuessed 


a 


Elerrent Size (0.5 ym 


last page.) 


Details of "Face Sizing 4° - Sizing 


[19] Select the semi- 
annular face which has 
an outer radius of 
8 um. ([20] is on the 
last page.) 


Details of “Face Sizing 5° - Sizing 


[21] Select the semi- 
annular face which has 
an outer radius of 
16 um. ([22] is on the 
last page.) 


[23] Select the semi- 
annular face which 
has an outer radius 

of 32 um. 7 


\ W 
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Ga) Project 
Eli Model (A4) 
I ta Geometry 
oo Gripper 
+) @ Bead 
ys Coordinate Systems 
Symmetry 
3. es Connections 
e SG Contacts 
a, 6. Frictionless - Gripper To Bead 
=| { Mesh 
no Face Sizing 


m Face Sizing 2 
m Face Sizing 3 
o) Face Sizing 4 
Ji, Face Sizing 5 


Ji. Face Sizing 6 
- OP Named Selections 


YE] Static Structural (A5) 
vas Analysis Settings 
=|] Solution (A6) 
or Solution Information 


> 


Surface © 
Mesh 


Of] 


[24] Highlight Mesh and select Mesh/ 
Preview/Surface Mesh for a quick 
preview of the surface mesh. | | 
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¥ ——_ [26] Hide Gripper and 
a. show Bead. Enlarge 
Bead like this. | 


[25] Rotate the view to 
look at YZPlane. — 


Details of "Face Sizing 7° = Sizing 


[28] Select the 
innermost semi- 
circular face, which 


El has a radius of 
Summed (Ne I um. 
ee 
gee EE 
, - - ' ip [27, 29, 31, 33] With 
Details of "Face Sizing 3° - Size ha Mesh highlighted, 
[30] Select the Sizing insert a Sizing. 
annular face which ee 
has an outer radius | i | 


of 2 um. > 


i> 


Surtace 
Mesh 


—————————-. 


[32] Select the 
annular face which 
has an outer radius 
of 4 um. > 


Preview 


ty 
[35] Highlight Mesh 
and select Mesh/ 
Preview/Surface 
Mesh for a quick 
preview. | | 


[34] Select the 
annular face which 


has an outer radius 
of 8 um. > 
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/ 
[37] Show Gripper. eb 
=I] Osplay Generate mesh. // elie 
Display Style Use Geometry Setting wenerate 
=| Defaults \ 
Physics Preference Mechanical - ae 
Element Order Program Controlled 
Element Size Default 
=| Sizing TT 
Use Adaptive Sizing Yes 
SS ; [36] Select 5 for 
Meth Deleohving — Resolution. — 
Defeature Size Default —— 
Transition Fast 
: “AVA AY, 
Span Angle Center Coarse %4W4 
nitial Size Seed Assembly %, 


Bounding Box Diagonal | 803.49 um 


Average Surface Area = 13338 pm? 


Minimum Edge Length | 1.0 um 
+) Quality 
+ Inflation 
+) Advanced 

Statistics 


Nodes [38] Mesh count. # 


Elements 


13.3.6 Set Up Environment Conditions 


[1] Set up a Fixed 
Support on this face. | | 


Detadls of “Fixed Support" q 


Sere 


Suppressed No 


El) 
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i 


[2] Select Support/Remote 
Displacement. | 


pe 


[3] Rotate the view to 
look at XY Plane and 
select a face (any face) of 
the bead. | 


Details of “Remote Displacement" 4 

-| Scope ———— 
scoping Method Geometry Selection : 
seometry 1 Face O [4] And click 


system Global Coordinate System Apply. | 
> c c oe ~~ Oe ———— 


Location Click to Change 


-| Definition 
Type Remote Displacement [5] Workbench calculates the 
Component |0. um (ramped O geometric center of the face. In this 
mponen um (ramped O case, these numbers are not relevant. 
Z Compone um (ramped) O For a rigid body, fixing any point 
soclanecs " (ramped 5 means fixing the entire rigid body. | 
ROtat ‘3 ec 
Rotation Z amped O 
Behavior Rigid O 
+) Advanced 


NN 


Remote Displacement 


[6] A rigid body is internally represented as a node of 6 degrees of freedom, three translational and three rotational. 
The node is located at the geometric center of the rigid body. All environment conditions are applied at the geometric 
center of the rigid body. Using Remote Displacement, we can let Workbench transform the environment 
conditions to the node. 


When we select a face [3-4] and apply a Remote Displacement, Workbench calculates the geometry center 
for that face, and the specified displacement is applied at that location. That displacement is then transformed to the 
geometry center of the rigid body. 

In our case, we arbitrarily select a face [3-4]. The geometric center of that face will have zero displacements and 
zero rotations. These conditions will be transformed to the geometry center of the rigid body. The result is that the 
entire rigid body is fixed, both translationally and rotationally. That's what we intend for this rigid body. | 
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7 =| Scope 


[7] Apply a Force 
on this edge. \, 


Geometry 
Definition 


Type 


Define By 
Applied By 


G «(Gy Static Structural (A5) 
vial Analysis Settings 
Y ve Fixed Support 
vB, Remote Displacement 
®, y®@ Force 
. =|) Solution (A6) 


Zz Z f) Solution Information 


13.3.7 Set Up Result Objects 


u CJ 
Deformation 
Toolbox 


; 
[1] With Solution 
highlighted, insert a Total 
Deformation. — 

\ J 


[2] Insert a Toolbox/ 
Contact Tool. — 
Ms / 


as 


Scoping Method 


Coordinate System 
X Component 


Z Component (0. UN (ramped) 


Suppressed 


[3] Select Worksheet (default) for 
Scoping Method and leave the settings 
in Worksheet (to the right side of the 
GUI, as shown below) unchanged. / 


Details of "Contact Tool” 
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Geometry Selection 


1 Edge O 
Force 
Components Cc) 


Surface Effect 
Global Coordinate System 
0. uN (ramped) 


No 


\ 


[8] The magnitude is 10 uN 
downward. Since the simulation 
model is only a quarter of the 
real model, only a quarter of the 
total load (40 uN) is applied. # 


Pressure 
Contact Tool 
Contacts Selection [all Contacts | | Add | Remove 
. Contact Side [Both s| | Apply 
[4] With Contact Tool still For additional options, please visit the context menu for this table (right mouse button) 
highlighted, insert a Contact Tool/ ___|Name Contact Side | 
Results/Pressure results object. # ie Jentaeiess ee per toRed [both 
\ mA 


a 
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13.3.8 Solve the Model and View the Results 


Details of "Analysis Settings” £ 
(=]| Step Coatrols 


NonkesOfSies [EO 
Cums Sip Naver [I 
Spire [ks 


Hoalinear Coatrols 


Analysis Data Management 


(+]| Fisabali : ; 
pa all other settings at their 
defaults. 7 
\ 
% [4] Click Solve. \, 
Solve 
A: Static Structural 
Stetus 
Type: Status 
Time: 1 
cS J@\ Solution (A6) [) Over Constrained 
AS] Solution Information 1} Far 
J&B Total Deformation fea) Near 
=) -/{a@] Contact Too! [)] Sliding 
J& [J Sticking 
/SB Pressure 
Y 
& 
x 
Z 
- 
y 
& 
z 


[1] In the details view of 


+]| Ow Coatools . 
Analysis Settings, turn on 


Large Deflection and leave 


_—— 
[2] Highlight Solution 
Information. | 


Oy 


=| f&) Solution (A6) 


AES) 
¢@ Total Deformation 


=f) Contact Tool 
¢% Status 
¢@® Pressure 


Details of “Solution Information" vith x 
=) Solution information 

Force Convergence © | 

Newton-Raphson Residuals 0 ry 


Identify Element Violations 0 
Update interval 2.55 
Display Points All 
= FE Connection Visibility 
Activate Visibility Yes 
Display All FE Connectors 
Draw Connections Attached To | All Nodes 
Line Color Connection Type 
Visible on Results No 
Line Thickness Single 
Display Type Lines 


[3] Select Force 
Convergence. <— 


A 


[5] Hide Bead. Highlight 
Contact Tool/Status. 
View from the =X side. 
Enlarge the contact region to 
view the contact status. | | 
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A: Static Structural 
Pressure 

Type: Pressure 
Unit: MPa 

Time: 1 


4.7196 Max 
4.1952 
3.6708 
3.1464 
2.622 

2.0976 
1.5732 
1.0488 
0.5244 
0 Min 


[6] Highlight Contact Tool/ 
Pressure to view the contact 
pressure. | 


A: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: pm 

Time: 1 


. 0.03761 Max 

| 0.033431 
0.029252 
0.025073 
0.020894 
0.016715 
0.012537 
0.0083577 
0.0041789 
0 Min 


fr 


Wrap Up 
[7] Animate Total Deformation (using Auto Scale). 
Save the project and exit Workbench. # 


References 
|. Chang,R.J.,Lin ,Y. C., Shiu, C. C., and Hsieh, Y.T., “Development of SMA-Actuated Microgripper in Micro Assembly 


Applications,” IECON, IEEE, Taiwan, 2007. 
2. Shih, PW., Applications of SMA on Driving Micro-gripper, MS Thesis, NCKU, ME, Taiwan, 2005. 
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Section 13.4 


Snap Lock 


13.4.1 About the Snap Lock 


[1] The snap lock consists of two parts: the insert [2] and the prong [3]. It is locked when the insert is pushed into 
position [4]. The snap lock has a thickness of 5 mm and is made of a plastic material with a Young's modulus of 2.8 GPa 
and a Poisson's ratio of 0.35. The coefficient of friction between the parts is 0.1. The purpose of this simulation is to 
find out the force required to push the insert into the position and the force required to pull it out. 

We will model the problem as a plane stress problem. Due to the symmetry, only one half of the snap lock is 
modeled for the simulation. | 


20 


20 


| 17 
Z 
[4] It is locked when 
5 


the insert is pushed 
into position. # 


8 


Unit: mm. 
All fillets have a radius of 2 mm. 
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13.4.2 Start Up 


SS 
[1] Launch Workbench. Create a Static 


Structural analysis system. Save the 
( project as Snap. | 


[2] Double-click 
Engineering Data. — 


= 
77 Static Structural 

2 @ Engineering DataO YW y 
3 @ Geometry T i 
4 @ Model Pe 4 
5 t=) Setup T » 
6 @ Solution ¥ a 
7 @ Results rs 


Static Structural 


[5] Start up DesignModeler. # 
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a 
[3] Add a material 
Plastic. | 


Outline of Schematic A2: Engineering Data 


~ 


and input the properties like this. 
| Return to Project Schematic. /“ 


es 


A Cc DE) 

Property Value unit | 60 Cpa 

2 i al Material Field Variables le Table - — r a 

3 |G A Isotropicelastiity | — | 
4 Derive from” You o's Modulus and Poisson's Rati | ee 

= Young's Modulus TR 
Poisson's Ratio CTE 

|< Bulk Modulus 3, 1111E +09 | Pa 

| 8 | Shear Modulus " 1.037E+09 | Pa r 


13.4.3 Create Geometry in DesignModeler 


— 


[|] Select Millimeter as the 
length unit. On XYPlane, create 
a sketch like this. Make sure all the 

lines are blue-colored. \, 


[2] Click New Sketch to create 
a new sketch (Sketch2) on the 
same plane. | | 
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cc 


iy | Select: | | oh~ | [4] You may use Box Select to select all the 
See ; | entities. After selecting all entities, right-click- 
S) velect . ’ 
Peg SB a select Duplicate Selection. Now, 
= a Bryeox Select Sketch! and Sketch2 are identical. | 
7 Extend J 
Cy Split 
Ej Dre 
gh Cut 
a : =| X¥Plane 
me SaOYE . a Sketch2 and 
E Replicate [3] Duplicate all the existing yd) Sketch! 
oes - a ee 8 :_ goareereseesren : Select 
(Duplicate entities to Sketch2. (See co Sketch2: Sketch!I. <— 
s+, Offset next step.) 7 vt. ZiPlane 
D> Spline Edit \ J vote YZPlane 
_/ i 0 Parts, 0 Bodies 
| 
a _| 
eT 
[6] In Sketch], trim away 2 ————.<_|_—- 


segments like this. > 
[7] Add two fillets of 


radius 2mm. / 


Concept Tools Units View - : 2 - : . 


“oe Lines From Points 
2) Lines From Sketches 
in 5 

YA, 3D Curve 


ee 8) Select S[ Details of Senos 
=F Concept/ ain : — [9] Select 


Surfaces From 
Sketches. — 


SketchlI. Click 
Generate. zl 


1) 
ia Ee q 
<_- — —____ _ —__4f 
Cross Section > 
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[10] The 
generated 
surface. > 


[12] In Sketch2, trim 
away segments like this. > 


Concept Tools Units View 1 


“wo Lines From Points 
£5) Lines From Sketches 
(Sy Lines From Edges 
VA, 3D Curve 

“« Split Edges 

© Surfaces From Edges 
Peal Surfaces From Sketches @ ; 


[14] Select Concept/ 
Surfaces From 


i Surfaces From Faces Sketches. — 

i Detach \ 
Cross Section 

| 


=__— 
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El) >. XY Plane 5 
: 5) ‘Sketch ! [11] Show Sketch2 and 
co) Sketch2 hide Sketch!. Select 
Lot. ZEPlane Sketch2. Also turn off 
a YZPlane Display Model. / 


[- “y Me / 


lB 1 Part, 1 Body 


A Ge 
-— 


[13] Add two fillets 
of radius 2 mm. / 


[15] Select 
Sketch2. Click 
Generate. el 
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[16] The 
generated 
surface. \, 


Create Concept Tools Units Y¥4 
>. New Plane 


(Extrude 
ae Revolve 


& Sweep 
& SkinLoft 
ThinSurface 


@ Fixed Radius Blend r 
@ Vacshis Rens Bis [17] Select Create/Body 


Transformation/ 
Translate. VVe want to 
move the insert upward. <— 
Patter > 
ine Body Operation 

Body Transformation 
Fal Boolean 
fF Slice 


<t Vertex Blend 
® Chamfer 


[18] Select the insert 
(the upper part). | 


/ Delete 
@ Point 
Details View te 
= __ Primitives 
Ei Details of Translate! 
Translate Translate! Vi, 
Preserve Bodies? | No O 7" 
a | 
FD3, X Ofizet upward so that it merely 
@rovom: kee = touches the prongs. By 
FDS, ZOficet [0mm ——~SOS*~*~S~S~«~ several trials, you should 
come up with a number like 
Res this. Click Generate. Turn 711 Insert 
off Display Plane. /“ 21] if 
J 
El yi) A: Static Structural a 
+) of. X¥Plane [23] Enlarge to make sure they 
v>t> 2XPlane merely touch each other. If they 
vt YZPlane don't, change the value in [19]. To 


+) 3) SurfaceSk1 

+), 9) SurfaceSk2 
var Translate 1 

=| lip 2 Parts, 2 Bodies 


make this task more precise, you 
may select a higher Facet 
Quality (see next step). | | 


[20] Rename each 
body like this. 7 


[22] Prong. { 
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Options & a x! 


+) Common Settings 
=) Oi) DesignModeler 


1} 


[24] To increase graphics resolution, 


@ Geometry 
Z Grphices O 
@> Miscellaneous Show Edges of Hidden Faces No 
GS Sketching Highlight Selection |Single Side 
@ Toolbars =|| Dimension Animation _ 
D Units Minirurn Scale (05 
a = Aqwa Applet Mecarnurn Scale 15 
a =) Print Preview : 
+) (84) Meshing _ ) 
ay rE) FE Modeler Inage Resolution | Bane 
Invege Type | PNG 


pull-down Tools/Options and 
select the higher number (eg., 10) 


Reset | 


[25] Close DesignModeler. Before attaching the 
geometry to Mechanical, select 2D option 
(3.1.4[4-6], page 112). # 


13.4.4 Set Up Model 


[|] Start up Mechanical. Select the unit system 
mm-kg-N-s. | 


a _§_——~, 


[3] Highlight Geometry. — 


ig] Project 
=| [ga] Model (A4) 


rr 


[=] 


[2] A contact is detected by 

Workbench, of which some 

settings need to be modified 
([6-12], next page). T 


y Ba Prong 
y & Insert 
I yok Coordinate Systems 
-] J Connections 
=) | Contacts 
yh Contact Region © 
BP Mesh 
=] [4] Static Structural (A5) 
a Analysis Settings 
=)--2{fa] Solution (A6) 
£8) Solution Information 


a 
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for Graphics/Facet Quality. 


Details of "Geometry" J 
=! Definition 
Source CAUsers\ASUS\Documents\ANSYS.. 
Type DesignModeler 
Length Unit Meters 


Element Contral | Program Controlled 

Display Style Body Color 
+) Bounding Box | 
+)|| Properties 
+) Statistics 
+ Basic Geometry Op 
+ Advanced Geome 


ee 


[4] Make sure Plane 
Stress is selected for 2D 
Behavior. | 


Details of "Multiple Selection” 


+ Graphics Properties 


=) Definition 

Suppressed No 

‘Stifftess Behavior | Flexible 

| Cooudinate System | Default Cooudinate System 
| Reference Ternpexstue | By Envionrrent 


Thickness 5. rim 
Thickness Mode | Refiesh on Update 
Behavicu None 
=|| Matexial 


Nonlinesx Effects | Yes 
Therrel Strain Effects | Yes 


*, 
[5] Control-select both Prong and 
Insert in the project tree and assign 
Plastic to the bodies. | | 
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Fae ee 
[6] Highlight Contact Region 
(see [2], last page) and reselect 
the 4 edges shown in [7-8] as 
Contact. \, 


Details of "Frctonless - Prong To Insert” 
=]| Scope 
Scoping Method Geometry Selection 


Contact 4 Edges CO) 
Taxget 4 Edges = 


Taxget Bodies i! 

Shell ThickessEfect [No | [9] Reselect the 4 edges shown 
| Definition in [10-11] as Target. 7 

Type 


Scope Mode 


[12] Select Frictionless. (We 
neglect friction for the first 
run.) Leave the other settings 
at their default values. 


[1 1] End of 
the target 


Penetration Tolerance 
Nonvel Stiffness 
Update Stiffness 


baile mi *Le 
me ne : # 


Pinball Region | =| Scope 
; c Metho 
Time Step Contols Scoping Method 


Geometry Selection 


: ~ - Geometry 8 Edges 
&]|Geometnc Modification =| Definition 
Interface Treatment Add Offset, No Ramping Suppressed No 
Offset 0. mim Type Element Size 


Contact Geometry Conection | None Element Size | 0.2 mm O 
; =|, Advanced 
Taxget Geometry Comection | None 
Behavior Soft 
Growth Rate Default (1.2) 


Capture Curvature No 


Capture Proximity No 


oS, 


Bias Type No Bias 


'y 


SIZING 


=|| Display 

Display Style 
Defaults 

Physics Preference 


Element Order 
Element Size 
= Sizing 
Use Adaptive Sizing 
Growth Rate 


Mesh Defeaturing 


[ | 3] With Mesh Defeature Size 
highlighted, select 


Mesh/Sizing. 7 


Capture Curvature 


Curvature Min Size 


Capture Proximity 
Bounding Box Diagonal 
Average Surface Area 
Minimum Edge Length 
Quality 
Check Mesh Quality 
Error Limits 

Target Quality 
Smoothing 


Mesh Metric 


[15] Generate mesh. # 


Min 

Max 

Average 

Standard Deviation 


inflation 


+ 


Batch Connections 
+) Advanced 
Statistics 

Nodes 


+ 


Elements 
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[8] End of the 
contact edges. \ 


[14] Control-select all 
edges in Contact 
Region [7-8, |0-11],8 

edges in total. / 


[10] Start of 
the target 


edges. / 


[7] Start of 
the contact 


Use Geometry Setting 


Mechanical 
Program Controlled 


Default (2.1667 mm) 


No 

Default (1.2 

Yes 

Default (1.0833e-002 mm) 
Yes 

Default (2.1667e-002 mm) 


Curvature Normal Angle) Default (30.0*) 


No 

59.05 mm 
300.44 mm? 
2.5587 mm 


Yes, Errors 

Aggressive Mechanical 
Default (0.050000) 
Medium 

Skewness 

1,4745e-003 

0.57778 

0.20268 

0.11922 
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13.4.5 Set Up Analysis Settings 


Details of "Analysis Settings” a j »~ 
e]StepCatols —~—~S~S~S~S~*S | [|] In Analysis Settings, type 2 for 
[Number OfSteps [2 O——= Number of Steps. We will apply two 
steps of displacement on the insert: 
s 


fe 
SwpEndTime fs downward and then upward (see 
| 3.4.6[4-6], this and next pages). | 
g[SclverContols / 


Salvex Pivot Checking | Progam Conbolled [2] Turn on Large Deflection. 
PO, 5 Leave other settings their default 
Inertia Relief [Off values. By default, step 2 has the 


Restart Coatrols same settings as step |. # 
Output Coatrols 


KL: 


13.4.6 Set Up Environment Conditions @ Fined 


@ Frictionless 


@ Displacement 


[2] Set up a Frictionless 
(Support) on this edge and 
the edge in the next step. | 


__~y 


[4] Set up a Displacement 
on this edge (see [5-6]). | 


Details of “Frictionless Support 9 


Scoping Method | Geometry Selection 


: 


[3] And this edge. For solid 
elements, a Frictionless 
Support is equivalent to a 
symmetry condition. 7 


Details of "Fixed Support” 


[|] Set up a Fixed 
Support on this edge. 7 
a a 


[5] Select Tabular for 


Y Component. |_| 
| 
% 
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iS Static Structural (A5) 
iN Analysis Settings 
7, Fixed Support 
JP, Frictionless Support 
JB, Displacement 
=]--{ga] Solution (A6) 
Solution Information 


| 


13.4.7 Set Up Result Objects 


a 


Deformation 


~ 


| 


[1] With Solution highlighted, 
insert a Total Deformation. — 


Details of "Force Reaction” 


=|| Definition 
| Type 7 | Foe Reaction | 
‘Location Method | Boundaxy Condition 
Boundaxy Condition | Displacement 
'Oxientation ] Global Cocudinate System 
“Suppuessed _ No ; 


| Mascinvern ‘Value Ovaz Tivne 
ee [ 
Minimam Valee Ovex Time 
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[6] Type tabular data like this. The first step 

is to move the insert downward with an 

amount as shown in 13.4.3[19] (page 512). 
The second step is to move the insert 
upward back to the original position. # 


[2] Insert a Probe/ 
Force Reaction. / 


% se 


[3] Select Displacement. 
Workbench will calculate 
the forces required for the 
displacement specified in 
| 3.4.6[6], this page. # 


ne 


E}- ga] Solution (A6) 
Solution Information 
JG Total Deformation 
g& Force Reaction 


| 
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13.4.8 Solve the Model and View the Results 


/ x 


[1] Highlight Solution Information, 
select Force Convergence, and 
solve the model. | 


=| yl Solution (A6) 
mi 
/& Total Deformation 
g&® Force Reaction 


[2] Highlight Total Deformation to 
see that Workbench steps through 
various time points. <— 


I[¥ Minimum (mm] |[w Maximum {mm] 


To. 18.56 
[3] Highlight Solution . — 
Information. Workbench 9 3 558e-003 


solves the first load step (moving 
the insert downward) with only 
one substep; that is not normal 
(see the animation in [10], next 
page). The time now is |.0 sec. | [6] The time now is [8] 2 sec. | 
1.35 sec. — 


—~e— Force Convergence ——®——— Force Criterion — — - Bisection Occurred — — - Suljstep Converged — — . Load Step Converged 


1.6506e+5 


16893 


1 3 6 9 12 15 18 21 24 27 30 33 36 


Cumulative Iteration 


[4] Workbench tries to solve 
the second load step (moving [5] The substep is 
the insert upward) with one converged. The time 


[9] It takes 36 iterations to 
complete 2.0 sec in my 


computer. It is possible that 
your computer fails to 
obtain a solution. | | 


substep (i.e., step to 2.0 sec.) now is 1.35 sec. { 
but fails. The time step is 
reduced to 0.35 sec. > 
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13.4.9 


Details of "Analysis Settings 


A: Static Structural 
Total Deformation 

Type: Totel Deformation 
Unit: mm 

Time: 2 


0.0035572 Max 
0.0031619 
0.0027667 
0.0023714 
0.0019762 
0.001581 
0.0011857 
0.00079048 
0.00039524 

0 Min 


Animation | | m 20 Frames 


18.56 


E 
E 


~ 2Sec(Auto) ~ & ith 


ae: 


[10] Highlight Total Deformation and 
animate the deformation (remember to 
use True Scale). An animation shows 
that the Insert penetrates and passes the 
Prong when moving downward. 
Tabular Data shows that it takes only 
one substep for the first step; i.e., it 
converges to the "snap-in" position in the 
first substep. To avoid this unrealistic 
behavior, we need a smaller time step. # 


oF 


Tabular Data ~ 20x 
Time [s] |[¥ Minimum [mm] |[¥ Maximum [r 
1. 18.56 

é 3 13.3 

6.0895 

3.5572e-003 


to 


Va 


+ Dh Lb 


Step Controls | 

Numbex Of Steps 2. \| 

Cunent Step Number | 1. } 

Step End Time Ls 

Auto Time Stepping = On O 

Define By Time O 

Initial Time Step  |O1s O 

Minimum Time Step | 1eO02s O 

Masarmumn Time Step | 0.15 O 
|| Solvex Controls 

Solver Type | Progam Contuclled 

Weak Spungs | Off 


Solver Pivot Checlang | Program Contolled 
Laue Deflection On 

Inertia Relef Off 

Restart Controls 

NHonhneas Controls 

Output Coatols 

Analysis Data Management 
Visibility 


[|] Set up Analysis 
Settings like this for the 
first step. > 


Reduce Time Steps and Solve Again 


, 
[2] Set up Analysis Settings like 
this for the second step (you may click 
the second step in Graph or 


, Tabular Data). | 


Number Of Steps 
Cunent Step Numbex 
Step End Time : % 


Cany Ovex Time Step 


to use the time step 
value of the last 
substep as the initial 


mired 
On | this step. | 


O 
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ee 


[4] Highlight Solution Information and solve 
again. My compter sucessfully solves the model. 
If your computer doesn't, don't mind. | 


—*e— Force Convergence ——i}——- Force Criterion —— —— - Substep Converged — — - Load Step Converged 


3.3304e+5 [pa 
21516 
1390. 
89.801 

Z 5.8015 

& 0.3748 

oO 

2 4214e-2 
1.5643e-3 
1.0106e-4 
6.529e-6 


4.218e-7 
1. 15. 30. 45. 60. 75 90. 105. 120. 135. 154. 


Time [s} lv Force Reaction CY) [N} | 


Animation | >|m] | |) an 20 Frames ~ 2Sec(Autoc) ~ & @ Bary * 2 


: 1 joa -15.311 
; 2 = 2: jo2 -32.281 
231.89 % y 3 |03 -57.838 
* ri 4 |04 -95.732 
5 |05 -148.73 
6 |06 -177.84 
7 |07 80.581 
8 |os 231.59 
[5] Highlight Force Reaction. | (em oo 
Even my computer solves the n> peas 
model, the solution curve is not ;-— é i 3/13 81.684 
smooth. | \ fr seas 
: 16 |1.6 -95.485 
0 0.25 os 0.75 1 125 15 1.75 2 1.7 -57.758 
fs] jis -32.376 
19 | 1.9 -15.326 
1 2 20 12 ~3.3943e-011 


=| Step Controls =| Step Controls 


Number Of Steps 2 Number Of Steps 2 
Current Step Number | 1. O Current Step Number | 2. O 
Step End Time 1.5 Step End Time 25 
Auto Time Stepping (On aa: Auto Time Stepping (On 
Define By Time . Define By ‘Time 
Initial Time Step 2.e-002 s O [6] Reduce Time Carry Over Time Step (On 
Minimum Time Step | 2.e-003 s O Step. | Minimum Time Step | 2.e-003 s O 
Maximum Time Step | 2.e-002 5 O # Maximum Time Step | 2.¢-002s O 
=) Solver Controls =| Solver Controls 
Solver Type Program Controlled Solver Type Program Controlled 
Weak Springs Off Weak Springs ‘Off 
Solver Pivot Checking | Program Controlled Solver Pivot Checking | Program Controlled 
Large Deflection (On a Large Deflection (On 
Inertia Relief Off . Inertia Relief Off 
: [7] Repeat this for the : 
+ Rotordynamics Controls +) Rotordynamics Controls 
+) Restart Controls second Step. a + Restart Controls 
+! Nonlinear Controls % +) Nonlinear Controls 
+ Advanced + Advanced 
+) Output Controls + Output Controls 
+ Analysis Data Management + Analysis Data Management 
+) Visibility + Visibility 
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——@— Force Convergence —*#— Force Criterion — — - Bisection Occurred — — -Substep Converged — — - Load Step Converged 
2.1405e+5 é ) 
18316 IEEE PEAT 1 | LE L-UYUEEAUIMILLE EYETV TE 
so7a MLE LLEVA | | PRR RL ELE IAILE ET IRIE 
Se ICRA A CNW a 

5 11.476 i RAMA (AIH rpene i : Yi hip BE. MAY . | 

& 0.98201 WL bbeer aera || || ae ‘eh ed | 

© gaoste2 | fee TLL TTA I$ | 
vaoose-s --TIIMIQLLIALIIIILLUL BIT POAT | a 
ersose-g —{~/E LILLIE TTI [UNINC IML LET L901 
soeses | /ULMLLLLITUINLIIII { UNNUDNNTOU LLU UNI UOT 
4.5052e-6 


1. 


[8] Highlight Solution Information and 
solve the model. It takes many iterations to 
complete the simulation. 


A: Static Structural 
Total Deformation 
Type: Total Deformation 
Unit: mm 

Time: 2 


1.1041e-5 Max 


9.8139e-6 
[9] Highlight Total 8.5872e-6 
Deformation. At 7.3604e-6 
the end time (2 sec), 6.1337e-6 
the displacements 4.907e-6 

essentially return to 3.6802e-6 
zeros. | 2.4535e-6 
1.2267e-6 

0 Min 


[10] Animate the 
displacements. | | 


Animation | 
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[1 1] Highlight Force 
Reaction to view the 


required forces. | 


200 
100 
ra 
0 
-100. 


[12] It requires 191.54 N 
to snap in. fT 
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[13] It requires 241.27 N 


to pull out. > 


[14] Because the friction is 
not considered, the curve is 
essentially symmetric about 
this vertical line; in reality, 
due to the existence of 
friction, this is not true. # 


1 3.4.10 Simulation with Frictional Model 


‘Ij Project* 


~ 0 x 
E) Model (A4) = 
Se Geometry = 
fc: hesbertals Scoping Method Geometry Selection 
p- - t 4 
4) th Coordinate Systems memons eee 
[=] ia) Connections cin is 
| x. 7 Contact Bodies 
—_- seni . Shell Thickness Effect No i 
E : Protected No 
¥ jo perenmenmsag =| Definition [1] Highlight Frictionless - 
aS s ——e 
om cal ect Type Frictional =O Prong To Insert, change 
” > Friclonless Support 0 O the Type to Frictional, 
y@_ Displacement ss aati ili and type 0.| for Friction 
=) &) Solution (A6) sie See Coefficient. _| 
Schition Inferuention Trim Contact Program Controlled S 
—— eee 
= Tote) Deinrenafian Suppressed No 
’ ® Force Reaction pg 
sili + Advanced 


+) Geometric Modification 


| 
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[2] Highlight Solution 

Information and solve again. 

It takes even more iterations to 
complete the simulation. / 


—e— Force Convergence ——@—— Force Criterion — — - Bisection Occurred — — - Substep Converged — — - Load Step Converged 

ee | | fae TULA aT hi Weg A | or mT UE | 
© 7 s189e2 | tit HE MMC en Cite ia Ul 08000 0 1111410 
e.serse-3-P IWMI. E1E QUE LNT IIEMA UHM MUU AM000000 00000 0 AE 
s zzove-a -) INMIMIINL 11 EQN 111 MUNI MUO HAO 000 AE A 0 a 


anoee.s PINUS U1 E UML LILO QL 01010 MUON 10 RONNIE HAAR 1L  A A Y 
| | MMIII | | 


i 


3.7243e-6 
1. 167. 334. 501. 668. 835 1002. 1169 1336 1503. 1680. 
vee} _ 
“4 ae 
E : 
= 
0. 
1. 167. 334. 501. 668. 835. 1002. 1169. 1336. 1503. 1680. 
Cumulative Iteration 
————————— a: 


[3] Select Solver 
Output to view the 
text information. | 


EQUIL ITER 3 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= -0.1686E-01 
DISP CONVERGENCE VALUE = Q.1397E-01 CRITERION= 0.3957E-01 <<< CONVERGED 
LINE SEARCH PARAMETER = 0.8285 SCALED MAX DOF INC = -0.1397E-01 
FORCE CONVERGENCE VALUE = 26.64 CRITERION= 0.8279E-01 
EQUIL ITER 4 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 0.7403E-02 
DISP CONVERGENCE VALUE = 0.7403E-02 CRITERION= 0.4038E-01 <<< CONVERGED 
LINE SEARCH PARAMETER = 1.000 SCALED MAX DOF INC = 0.7403E-02 


| aia | FORCE CONVERGENCE VALUE = 4.685 CRITERION= (0.9630E-01 


EQUIL ITER 5 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= 0.4607E-02 
HTSPe ¢ iC 


Newton: ae Residuals 
Wentify Element Vielations | 0 

| Update Interval [25s 
| Display Points | All 


LINE SEARCH PARAMETER = 0.9234 SCALED MAX DOF INC = 0.4254E-02 
FORCE CONVERGENCE VALUE = 2.802 CRITERION= 0.1036 
EQUIL ITER 6 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= -0.2176E-03 


LINE SEARCH PARAMETER = 1.000 SCALED MAX DOF INC = -0.2176E-03 
FORCE CONVERGENCE VALUE = 0.3148 CRITERION= 0.1053 
EQUIL ITER 7 COMPLETED. NEW TRIANG MATRIX. MAX DOF INC= -0.49867E-03 


CRITER ~429 
aewe = wa INC = -0.4987E-03 


EQUIL ITER 8 pele ge I ge ee 
DISP CONVERGENCE VALUE = 0.1944E-04 CRITERION= 0.4378E-01 <<< CONVERGED 
[4] It uses many Line Searches LINE SEARCH PARAMETER = 1.000 SCALED MAX DOF INC = 0.1944E-04 
5 ON CEHGEN AYO = 0O.420°0E-O FRION= 0.10 Zim CONVERGED 
(13.1.7, page 475). _ | >>> SOLUTION CONVERGED AFTER EQUILIBRIUM ITERATION 8 
*** LOAD STEP #2 SUBSTEP 139 COMPLETED. CUMITER= 1678 
++ TIME = 1.98943 TIME INC = 0.105681E-01 
*** AUTO STEP TIME: NEXT TIME INC = 0.10568E-01 UNCHANGED 


er 


%, 
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[7] The force required to 
pull out is 274.53 N. | 


[9] Select Total Deformation 
and animate the results. | 


[5] Highlight Force Animation 
Reaction to view the 


required forces. \, 


[6] The force required to 

snap in is 259.07 N. | [8] Because of the friction, the 
curve is no longer symmetric 
about this vertical line. \. 


Wrap Up 


[10] Save the project and exit Workbench. # 
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Section 13.5 


Review 


13.5.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Contact Nonlinearity 9. (  ) Material Nonlinearity 

2. ( _ ) Displacement Convergence 10.( =) Moment Convergence 

3. (  ) Equilibrium Iterations |1.(| |) Newton-Raphson Method 
4. (__ ) Force Convergence 12.( —) Nonlinear Structures 

5. (__) Geometry Nonlinearity 13.(. _) Residual Force 

6. ( _ ) Linear Structures |4.(. _) Rotation Convergence 

7. (__ ) Line Search I5.( — ) Substeps 

8. ( _ ) Load Steps 

Answers: 


l(D) 2(L)3.(H) 4(K) 5 (C) 6(A) 7(0) 8&8 (F) 9% (E) 10(M) 
Ih(l)) 12(B ) 13(J ) IAQN) 15.(G ) 


List of Descriptions 


(A) The structures in which the relation between the responses and the loads is linear. 

(B ) The structures in which the relation between the responses and the loads is not linear. 
(C) Nonlinearity due to large deformation. 

(D) Nonlinearity due to the change of contact status. 

( E ) Nonlinearity due to the presence of nonlinear stress-strain relation. 


(F ) Also called steps. In Workbench simulations, the entire loading history can be divided into one or more load 
steps, so that different analysis settings can be specified for each load step. 


(G) Also called time steps. In dynamic simulations, time step size is used for integration over the time domain; the 


time step size must be small enough to capture the response characteristics. In static simulation, a load step can be 
divided into substeps small enough to achieve or enhance convergence. 
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(1H) Also called iterations. For nonlinear problems, each time step needs several iterations to complete. For linear 
problems, each time step requires exactly one equilibrium iteration. 


(1 ) The method used by Workbench to solve a substep in a nonlinear simulation. External force of that substep is 
applied. Equilibrium equation is solved for the displacement using the tangent stiffness. Internal force is calculated using 
updated displacement and stiffness. This completes an iteration. The process iterates until all the active convergence 
criteria are satisfied. 


(J ) During the Newton-Raphson equilibrium iterations, the difference between external force and the calculated 
internal force is called a residual force. 


(K_) A substep is said to satisfy the force convergence when the norm of the residual force is less than a criterion. 


(L ) A substep is said to satisfy the displacement convergence when the norm of the difference of displacements 
between two iterations is less than a criterion. 


(M) When shell or beam elements are used in a model, moment convergence can be activated. A substep is said to 
satisfy the moment convergence when the norm of the residual moment is less than a criterion. 


(N.) When shell or beam elements are used in a model, rotation convergence can be activated. A substep is said to 
satisfy the rotation convergence when the norm of the difference of rotations between two iterations is less than a 
criterion. 


(O) In some cases when a force-displacement relation is highly nonlinear or "concave up,” during the Newton- 
Raphson iterations of a substep, the calculated displacement in a single iteration may overshoot the goal. In such cases, a 
numerical technique called line search can be activated to "scale down" the incremental displacement. Line search often 
helps convergence, but takes extra computing time. 


13.5.2 Additional Workbench Exercises 


Contact Stiffness Study 


In 13.1.10[4] (page 478), when introducing Pure Penalty formulation, we mentioned that, in many cases, solution 
convergence behavior may be sensitive to Normal Stiffness. VM63/F«f '] of Verification Manual for the 
Mechanical APDL Application is a good exercise to study this behavior. First, complete a simulation using all the 
parameters given in the verification manual, and verify the solution with the verification manual. Next, increase the 
Young's modulus from the original value (| GPa) to 200 GPa (which is the Young's modulus of steel). This should create a 
convergence difficulty. When you run into a convergence difficulty, try to ease the difficulty by decreasing Normal 
Stiffness. This will introduce more penetration into the solution. Tabulate data (or draw curve) to show how 
Normal Stiffness affects penetration and other results. 


Reference 


|. All Help>Verification Manuals>ANSYS Mechanical APDL Verification Manual>I.Verification Test Case 
Descriptions>VM63: Static Hertz Contact Problem 
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Chapter 14 


Nonlinear Materials 


When the stress-strain relation of a material is linear, it is called a linear material. On the other hand, if the stress-strain 
relation is not linear, it is called a nonlinear material. Stress-strain relation of an isotropic linear material can be expressed 
by Hooke's law, Eq. |.2.8(1) (page 31), in which two independent material parameters are needed to define the stress- 
strain relation. So far, in foregoing simulations, we assumed the materials are linear. 

In reality, most of the materials exhibit nonlinearities to some degree. In many cases, the nonlinearities are negligible, 
and we use Hooke's law to describe the stress-strain relation. In some other cases, when the material nonlinearities are 
not negligible, nonlinear material models must be used to define stress-strain relations. A material model is usually a 
mathematics form with some parameters, called material parameters. To assign a material to a body, you select a material 
model from Workbench and provide its material parameters. The material parameters are usually obtained by data-fitting 
using the results of a set of material testings. 


Purpose of This Chapter 


Workbench provides a variety of nonlinear material models. In this chapter, we will introduce two categories of 
nonlinear material models: plasticity and hyperelasticity. Background knowledge will be introduced first, and two step-by- 
step exercises will follow to demonstrate their applications. 


About Each Section 


Section | 4.1 gives basics of plasticity and hyperelasticity. Section 14.2 provides a step-by-step example to demonstrate 
the use of a plastic material model. Section |4.3 uses another step-by-step example to demonstrate the application of a 
hyperelastic material model. 
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Basics of Nonlinear Materials 


PART A. INTRODUCTION 


14.1.1 Linear versus Nonlinear Materials 


[1] When the stress-strain relation of a material is linear, it is called a linear 
material [2], otherwise the material is called a nonlinear material. For an 
isotropic linear elastic material, the stress-strain relation can be expressed 
by Eq. |1.2.8(1) (page 31), in which two independent material parameters 
are needed to define the material. Note that Eq. |.2.8(1) assumes an 
isotropic material; i.e., the Young's modulus and the Poisson's ratio are 
independent of directions. Orthotropic (Eq. |.2.8(4), page 32) and 
anisotropic linear elasticity are also available in Workbench [3]. 

Besides a linear relation, Hooke's law also assumes that the stress- 
strain relation is elastic, time-independent, and rate-independent. Materials 
that violate any of these behaviors cannot be described by Hooke's law, 
and are categorized as nonlinear materials, even though the stress-strain 
relation is linear for both stressing and unstressing [4]. 

Workbench provides non-elastic material models, called plastic 
material models. 


Time-Dependent Stress-Strain Relations 


When you apply a stress on steel, the strain occurs instantaneously and 
remains the same forever. This statement is not strictly true. A more 
rigorous statement should be like this, "The strain occurs ALMOST 
instantaneously and ALMOST remains the same forever." 

Consider a big water tank made of plastic material. Starting from the 
moment right after you fill up the water, the plastic tank begins to deform: 
the diameter expands slowly. It may take months until the deformation 
stops. This gives us a lesson that the deformation may take time. This 
time-dependent stress-strain behavior is called creeping, or viscosity. 

For the steel under room temperature, the creeping behavior is 
practically negligible. In engineering practice, we often neglect creeping for 
solid materials under a fairly lower temperature, for example, below half of 
the melting point. 

We will not discuss time-dependent behavior (although creep models 
are available in Workbench) for the rest of this book. 7 
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[2] Linear 
Material. | 


Strain 


| Toolbox ow 2 x 
Physical Properties 
E] Linear Elastic 
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Hyperelastic Experimenta Data 
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Hyperelastc 
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plastid [3] Orthotropic and 
Creep} anisotropic linear 
iife | Material models are also 
available in Workbench. | 
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[4] This is not a linear material, 
even though the stress-strain 
relation is linear for both stressing 
and unstressing. # 


Strain 
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14.1.2 Elastic versus Plastic Materials 


[!] In 14.1.1 [4] (last page), the strain is not totally recovered after release of 
the stress. This behavior is called plasticity, and the residual strain is called 
the plastic strain. If the strain is totally recoverable, that is, if there is no 
residual strain after release of the stress, the behavior is called elasticity, and 
the material is said to be elastic. 

Following this definition of elasticity, we may classify the elastic materials 
into three categories: (1) linear elastic, (2) nonlinear hysteresis elastic, and 
(3) nonlinear non-hysteresis elastic, or simply called nonlinear elastic. 


[2] Nonlinear 
elastic material. | 


Stress 


Linear Elasticity 


The linear elastic material is defined by Hooke's law and depicted in 
14.1.1[2], last page. 


Strain 


Hysteresis Elasticity 


The term elastic hysteresis has been introduced in |2.1.3[4-7] (page 424). 
The current version of ANSYS (even with APDL) doesn't directly provide a 
material model to include the hysteresis behavior. However, you may 
include the hysteresis behavior in terms of material damping (12.1.3, page 
423-425). 

Most materials have hysteresis behavior to some extent. However, as 
long as it is small enough, we may neglect the hysteresis behavior. 


[3] Plastic 
material. | 


Stress 


Nonlinear Elasticity 


Nonlinear non-hysteresis elastic materials are characterized by the fact that 
the stressing curve and the unstressing curve are coincident [2]: the energy Strain 
is conserved in stressing-unstressing cycles. 

The challenge of implementing nonlinear elastic material models is that 
the strain may be as large as 100% or even 200%, such as rubber under 
stretching or compression. Under such large strains, the stretching and 
compression behaviors may not be described by the same parameters. This 
kind of super-large deformation elasticity is given a special name: 
hyperelasticity. 

Workbench provides many hyperelastic material models and we will 
discuss them in PART C of this section (pages 532-535). A step-by-step 
example is given in Section | 4.3. 


[4] Plastic strain. # 


Plasticity 


Plastic materials are characterized by the presence of the residual strain, or 
plastic strain [3-4]. Note that the hysteresis is always present in plastic 
materials: there is always energy loss in stressing-unstressing cycles. 

Workbench provides many plastic material models and we will discuss 
them in PART B of this section (starting from next page). A step-by-step 
example is given in Section 14.2. /7 
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PART B. PLASTICITY 


14.1.3 Idealized Stress-Strain Curve for Plasticity 


[1] Plasticity behavior typically occurs in ductile metals subject 
to large deformation. Plastic deformation is a result of slips 
between grains due to shear stresses. It is essentially a 
rearrangement of atoms in the crystal structure. 

In Workbench, a typical stress-strain relation, such as 
14.1.2[3] (last page), is idealized as shown in [2-5]. The stress- 
strain curve is composed of several straight segments. The 
slope of the first segment is the Young's modulus [4]. When 
the stress is released, the strain decreases with a slope equal 
to the Young's modulus [5]. This implies that if the stress/strain 
state is on the first segment, the behavior is elastic and no VA 
plastic strain remains after releasing the stress. The point at 
the end of the first segment is called elastic limit, or initial yield VA 
point [3]. All points higher than the initial yield point are called 
subsequent yield points, since they all represent yield states. Strain 

A uniaxial stress-strain relation such as [2-5] is not 
sufficient to fully define a plasticity behavior. There are other 
characteristics that must be described for general multiaxial 
cases: (a) What is the yield criterion? (b) What is the hardening 
rule? 7 


[2] Idealized stress- 


[3] Initial yield point 


(or elastic limit). | strain curve. <— 


” 
@ 
jo 
YY 
— 


[4] The stress-strain 
relation is assumed 
linear before the 


[5] When the stress is 
released, the strain 
decreases with a slope 
equal to the Young's 
modulus. # 


initial yield point, and 
the slope is the 
Young's modulus. > 


14.1.4 Yield Criteria 


[1] A stress-strain curve such as 14.1.3[2-5] is usually obtained by a uniaxial tensile test. It provides an initial yield 
strength C, of the uniaxial tensile test. In three-dimensional cases, the stress state is multiaxial. According to what 
criteria can we say that a stress state reaches a yield state? Workbench uses von Mises criterion (1.4.5, pages 43-46) as 
the yield criterion; i.€.,a stress state reaches yield state when the von Mises stress o_ is equal to the CURRENT uniaxial 
yield strength 0, Or 


<|(o,-,) +(¢,-9,) +(0,-0) |=o; (1 


The yielding initially occurs when o, =6), and the "current" uniaxial yield strength o, may change subsequently. As 
mentioned in |.4.5[4] (page 46), when plotted in the 0,-o, -o, space, Eq. (I) is a cylindrical surface aligned with the axis 
0, = 0, = 0, and with a radius of 20. It is called a von Mises yield surface ([2], next page). If the stress state is inside 
the cylinder, no yielding occurs. If the stress state is on the surface, yielding occurs. No stress state can be outside the 
yield surface. If the stress state is on the surface and the loads continue to "push" the yield surface outward, the size 
(radius) or the location of the yield surface will change. The rule that describes how the yield surface changes its size 
or location is called a hardening rule (14.1.5, next page). 

Note that, in a uniaxial test, we are talking about "yield points" in the stress axis. In a biaxial case, the yielding 
states form a "yield line" in a stress plane, while in 3D cases, the yielding states become a "yield surface" in a stress 


space ([2], next page). | | 
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[2] This is a plot of a von Mises yield 
j surface, which is a cylindrical surface 
_ y aligned with the axis o, = 0, = 0, and 


— f . . , , . 
aes ay = with a radius of V20 , where o, is the 


y 
current yield strength. # 


14.1.5 Hardening Rules 


[1] Workbench implements two hardening rules: (a) kinematic hardening, and (b) isotropic hardening. In metal plasticity, 
hardening behavior is often a mix-up of kinematic and isotropic. 


Kinematic Hardening 


Kinematic hardening assumes that, if a stress state is on the yield surface and the loads continue to "push" a yield 
surface outward, the yield surface will change its location, according to the "pushing direction," but preserve the size of 
the yield surface. In a uniaxial test, it is equivalent to say that the difference between the tensile yield strength and the 
compressive yield strength remains a constant of 20, [2]. 

Kinematic hardening is generally used for small strain, cyclic loading applications, especially metals. | 


[2] Kinematic 
hardening assumes 
that the difference 

between tensile yield 
y strength and the 
compressive yield 
strength remains a 
constant of 2o,. 21 


20 


Stress 


“— 


Strain 
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lsotropic Hardening 


[3] Isotropic hardening assumes that, when the loads continue to "push" a yield surface, the yield surface will expand its 
size, but preserve the axis of the yield surface. In a uniaxial test, it is equivalent to say that the "current" tensile yield 
strength and the compressive yield strength remain equal in magnitude [4]. 

Isotropic hardening is often used for large strain simulations. It is usually not applicable for cyclic loading 
applications. \, 


[4] Isotropic hardening assumes 
that the tensile yield strength and 


_ , the compressive yield strength 


Stress 


remain equal in magnitude. # 


<_ 
[3] To complete a description of 
Strain plasticity model, you must 
include its linear elastic 
properties (e.g., Young's 


14.1.6 Workbench Plasticity Models Me ee wee 


isotropic materials). # 


[|] Workbench provides many plasticity models [2]. Besides choosing Toolbox 
from either of the hardening rules, you can choose from either type of 


stress-strain curves: bilinear or multilinear. 


Physical Properties 
E) Linear Elastic 


{JA Anisotropic Elasticty 
Hyperelastic Experimental Data 
To describe a material model for plasticity, you must include a set of Hyperelastic 


linear elastic properties (e.g., Young's modulus and Poisson's ratio in cases Chaboche Test Data 
of isotropy). The Young's modulus is used as the initial slope of the stress- —— : 

‘ ‘ P 2 be ese 7 . | Bilinear Isotropic Hardening 
strain curve, in which the material initially behaves as linear elasticity. 


q 


Linear Elastic Properties Must be Included 


4) Multilinear Isotropic Hardening 
Bilinear Kinematic Hardening 
Multilinear Kinematic Hardening 


Bilinear Stress-Strain Curve 


Chaboche Kinematic Hardening 


| Anand Viscoplastiaty 


Examples of bilinear models are shown in 1|4.1.5[2, 4] (last and this pages); 
the stress-strain curve is composed of two straight segments. Besides 
the Young's modulus and Poisson's ratio, you need to supply an initial yield 
stress and a tangent modulus (the slope of the second segment). 


Gurson Mode 


ea 


Creep 
Life 


| 


B 


Strength 
| 


| [2] Workbench provides | 
many plasticity models. 7 


| 


Multilinear Stress-Strain Curve 


H 


| 


Geomecnanical 


An example of multilinear models was shown in 14.1.3[2-5] (page 529); 
the stress-strain curve is composed of several straight segments. Besides 
the Young's modulus and Poisson's ratio, you need to supply a tabular 
form of data describing the subsequent yield stresses and the 
corresponding plastic strains. An example is given in |4.2.6[6-10], pages 


Damage 


Cohesive Zone 


es 


Fracture Criteria 


Custom Material Models 


Bw 
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PART C. HYPERELASTICITY 


14.1.7 Test Data Needed for Hyperelasticity 


[1] As mentioned in 14.1.2[1] (page 528), the challenge of implementing nonlinear elastic models is that the strain may 
be as large as 100% (or even 200%), such as rubber under stretching. 

In plasticity or linear elasticity, we use a stress-strain curve to describe its behavior, and the stress-strain curve is 
usually obtained by a uniaxial tensile test. Since only tension behavior is investigated, other behaviors (e.g., compressive, 
shearing) must be drawn from the tensile test data. In plasticity or linear elasticity, we implicitly made the following 
assumptions: (a) The compressive behavior is symmetric to the tension behavior; i.e., they have the same Young's 
modulus, and the same Poisson's ratio. The symmetry may not be true when the strain is large. We may need to 
conduct a compressive test to assess the compressive behavior. (b) The shear modulus G is related to the Young's 
modulus and the Poisson's ratio by Eq. |.2.8(2) (page 31). Again, this assumption may not be true when the strain is 
large. We may need to conduct a shear test to assess the shearing behavior. (c) We also assume that the bulk modulus 
B is related to the Young's modulus and the Poisson's ratio by 


E 
e502) 0) 


Again, this assumption may not be true when the strain is large. We may need to conduct a volumetric test to assess 
the volumetric behavior. However, in many cases, when the bulk modulus is almost infinitely large (i.e., the material is 
incompressible), we usually assume incompressibility without conducting a volumetric test. 

Further, when the strain is large, all the moduli (tensile, compressive, shear, and bulk) are no longer constant; they 
change along stress-strain curves. Nonlinear elasticity with large strain is also called hyperelasticity. 

In summary, to describe hyperelasticity behavior, we may need the following test data: (a) a set of uniaxial tensile 
test data, (b) a set of uniaxial compressive test data, (c) a set of shear test data, and (d) a set of volumetric test data if 
the material is compressible. 

Often, a set of test data can be obtained by superposing two sets of other test data. For example, the set of 
uniaxial compressive test data can be obtained by adding a set of hydrostatic compressive test data to a set of 
equibiaxial tensile test data [2-4]. There are two reasons for doing this: (a) Biaxial tensile test may be easier to conduct 
than compressive test in some testing devices; (b) For incompressible materials, hydrostatic compressive test data are 
trivial: all strains have zero values. 


An example of test data for hyperelasticity is shown in [5-7] (next page), which will be used in Section 14.3. / 


lI 
+ 


[2] Uniaxial compressive test. > [3] biaxial tensile test. > [4] Hydrostatic compressive test. _ | 
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300 


[6] Equibiaxial 


240 test data. \, 


180 


[7] Shear test 
data. # 


Stress (psi) 


120 


[5] Uniaxial 
test data. \ 


60 


0 0.2 0.5 0.7 


Strain (Dimensionless) 


14.1.8 Strain Energy Function 


[1] Workbench provides a material model, called Response Function (see |4.1.9[2], page 535), which uses 
experimental data (such as 14.1.7[5-7], this page) directly. A drawback of using Response Function model is that it 
may not be efficient enough--it may cost too many iterations, even if convergence is eventually achieved. 

A better idea is described as follows. 

As mentioned in |4.1.2[1] (page 528), hyperelasticity is characterized by the fact that the stressing curve and the 
unstressing curve are coincident (14.1.2[2], page 528). During the stressing and unstressing, the energy is conserved, or, 
in other words, the stressing and unstressing are path independent. The stress state depends only on the strain state, 
and vice versa. They are independent of the stressing/unstressing history. This implies that there exists a potential 
energy function that depends on the state of the stress or strain. It reminds us of the strain energy density function, 
which does depend only on the state of stress or strain. With these in mind, we propose a mathematical form for the 
Strain energy 


W = W(E,) (1) 
And the stress can be calculated from the strain energy using 


oW 
ae 2 
1" 36 (2) 


The strain state €, consists of 6 strain components (Eq. |.2.4(4), page 28). To further simplify the strain energy function 
and develop a coordinate-independent expression, we may replace the 6 strain components (which are coordinate- 
dependent) with 3 strain invariants (which are coordinate-independent). Before going further, we need more 
background. Let's introduce some terms in solid mechanics. , | 
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Principal Stretch Ratios 


[2] The stretch ratio 2 is defined as the ratio between fiber lengths after and before deformation, 


L 
A=—=l+ 3 
: € (3) 


0 
When the direction is along a principal direction, the stretch ratio is called a principal stretch ratio. There are 3 principal 
stretch ratios, denoted by J, A,,and A, which provide a measure of the deformation. 
The volumetric ratio | can be defined as the volume after and before deformation, 


V 
Jaya Aha’ (4) 


Note that, if the material is incompressible, J = |. 
The deviatoric principal stretch ratios are defined as 


A= 4/1) 
A, =4,/¥I (5) 
A, =A,/%J 

Strain Invariants 


Let /,/,,and I, be the characteristic values (eigenvalues) of the strain state; they are also called strain invariants. It can be 
proved that 


P=Ar +A, +A; 
baa +A Al + Ala, (6) 
= AA, 


The deviatoric strain invariants are defined as 
C=Aa/ar (7) 
E 


Strain Energy Functions 


We can replace the 6 strain components in Eq. (1) with either strain invariants or principal stretch ratios; i.e., 


W =WiIL,I1,) 
or 
W =W(A,,A,,A,) 


Or, we can split the strain energy into deviatoric part and volumetric part, and write 


W = W, (1,1) + W,(J) (8) 
or 


W = W,(A,,A,,A,) + W, (J) (9) 


Note that /, = P, so | is not used in the definition of W. # 


@Seismicisolation 


14.1.9 Workbench Hyperelasticity Models 


[1] Workbench provides many hyperelasticity models [2]; they are based 
on either Eq. | 4.1.8(8) or Eq. 14.1.8(9), last page. \, 


Polynomial Form 
[3] The polynomial form is based on Eg. | 4.1.8(8), last page, 


w= dic ({-3)(E-3) + —-U-) 


i+ j=l 


For example, Polynomial Ist Order (N = |) is 


W =< o({-3)+6(8 -3) + UD) (2) 


It has three parameters,c, c,,, and d. Note that, for incompressible 
materials, J = I,d =0,and the last term is dropped. 


Ogden Form 
The Ogden form is based on Eq. | 4.1.8(9), last page, 


W = DOA +A BY 34 DU 3) 


i 


For example, Ogden Ist Order (N = |) is 
W a AT 4 7 4 78 ~3)+~(J-1) 
0, | 2 3 d, 


It has three parameters, w, a, and d. 


Mooney-Rivlin, Yeoh, and Neo-Hookean 


These are reduced forms of the generalized polynomial. 


Which Form to Use? 


The choice depends on type of material, maximum strain, and the test 
data available. In general, the best form of strain energy density function 
is the one that produces the closest curve fit of the test data. 

Section |4.3 provides an example to demonstrate some details. # 


@Seismicisolation 


Section 14.1 Basics of Nonlinear Materials 535 


rotor 


Physical Properties 
| Linear Elastic 
Hyperelastic Experimental Data 
| GE) Hyperelastic 
| Neo-Hookean 
Arruda-Boyce 
Gent 
Blatz-Ko 
Mooney-Rivlin 2 Parameter 
Mooney-Rivlin 3 Parameter 
Mooney-Rivlin 5 Parameter 
Mooney-Rivlin 9 Parameter 
Polynomial 1st Order 
Polynomial 2nd Order 


Polynomial 3rd Order 
| Yeoh 1st Order 
Yeoh 2nd Order 
Yeoh 3rd Order 
Ogden ist Order 
$A) Ogden 2nd Order 


Ogden 3rd Order 
Response Function 
| Ogden Foam 1st Order 
Ogden Foam 2nd Order 
| Ogden Foam 3rd Order 
Extended Tube 
Mullins Effect 
Chaboche Test Data 
Plasticity 
Creep 
Life 
Streng = [2] Workbench 
Gaskq provides many 
—a hyperelasticity 
models. — 
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Shape Memory Alloy 
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8: Bellevelle Washer (Nonlinear Material) 
Normal Stress 
Type Normal Stressx{¥ Axis) - Top/Bottom 
Unit MPe 

G& Cyindncal Coordinate System 
Time 14 


285.24 Max 
241 61 


Belleville Washer = 


-10745 Min 


14.2.1 About the Belleville Washer 


[!] The dimensions of a Belleville washer [2], also called a 
Belleville spring, are shown in [3]. The washer is made of 
a steel with a Young's modulus of 200 GPa, a Poisson's 
ratio of 0.3, and an initial yield stress of 250 MPa. 
Beyond the initial yield stress, it displays plasticity 
behavior as shown in [4]. 

In this section, we will compress the Belleville spring 
by 1.0 mm and then release the displacement 
completely. As a preliminary study, before performing a 
simulation with plasticity, we will assume a linear 
material to see if the maximum stress exceeds the yield 
stress. If so, then we will explore the plasticity behavior 
of the Belleville spring. Specifically, we will examine the 
residual stress after the spring is completely released. A 
force-displacement curve will be plotted. /7 


[2] A Belleville 
washerlRef !]_ 7 


[4] The stress-versus-plastic-strain curve 
of the steel in this case. (For the tabular 
data, see |4.2.6[9], page 549.) # 


280 
= 270 
= 
“” 260 
[3] The Belleville 
washer is made of a 250 ¢ 
steel, with thickness 0 0.001 0.002 0.003 0.004 


of 1.0mm. 7 Plastic Strain (Dimensionless) 
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14.2.2 Start Up 


[|] Launch Workbench. Create a Static Structural analysis system. Save the project as Belleville. | 


a A [2] Assuming a linear material for the 
1 structural steel, we don t need to do 
anything with Engineering Data for 
2 @ EngineeringData “ CO now, since Isotropic Elasticity is the 
= default material model for the structural 
3 Geometr ? : ' . 
ed : —- steel; its Young's modulus is 200 GPa and 
4 @ Mode 7 4 Poisson's ratio is 0.3. | 
5 ya Setup T 
6 | @a Solution © 4 ie 
7 @ Results Ps [3] Start up 
Static Structural DesignModeler. # 
ue | 
14.2.3 Create Geometry 
—_—_—_—_—_—_—_————————————————— a 


[1] Choose Millimeter as the length unit. 
On XYPlane, draw a line like this. / 


\ 


[3] Click Apply. | 


of 


[4] Select the Y-axis as the 
axis of revolution. a 


' J, 


[2] Click Revolve. — | $e 
Mo CC 
iS) 
Ga Revolve ~f Generate 
EE —~wa | —— 
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[5] Click New 
Plane. | 


“ 


[6] We want to use this 
plane as a plane of 
symmetry. Remember 
that, when using the 
Symmetry tool [7], the 
material to the -Z side is 
removed. | 


" O 


Tools Units View Help = Generate 
() Freeze 
{2 Unfreeze S = 


(fe Named Selection 
@ Attribute 


[8] Two planes of 
symmetry. /“ 


of 


ha Fil 
[fe Surface Extension 


[3] Surface Patch 

eb Surface Flip [7] Select Tools/ >_> —___——gg 
Symmetry. — ? 

oy Merge es 

8.8 Connect 

@ Projection 


o 
g. Conversion 


[3] Weld 
Repair > 
Analysis Tools » 


[9] Now, only 1/8 of the 
model remains. Close 
DesignModeler. , | 


[25 | Parameters 
Electronics » 
ap Upgrade Feature Version... 


Options... 


| 
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[10] There are actually infinite planes of symmetry for this mode (any plane derived from rotating XY Plane about Y- 
axis could be a plane of symmetry for this model). In general, an axisymmetric geometry has an infinite number of 


planes of symmetry; in 2D, we can use any two of them. In this case, we decide to use |/8 of the model. In practice, we 
often choose a 45° sector of the model. Alternatively, we may model the problem as an axisymmetric problem using 2D 


option. This is left as an exercise (14.4.2, page 569). # 


14.2.4 Set Up for Simulation with Linear Material 


— 
777" 
772 


ngineeringData ~“ , 


tatic Structural 


[1] Start up 
Mechanical. Make 
sure the unit system 
a . ismm-kg-N-s. <— 
[2] Highlight = _—= 
Surface Body. | 7 @ Results S 4 
§ Projet* 393 ~~, p>” Static Structural 
iS Model (A4) | 
GS Geometry b = <a 
/ && Surface Body 
-) PR Materials - 
Hy 2k Coordinate Systems | Project 
~/{) Symmetry =| [ga] Model (A4) TO OO JF 
@® Mesh =| A&P Geometry 


f+) S% Named Selections 
5-7 [} Static Structural (A5) 
yi] Analysis Settings 
=| 7% Solution (A6) 
¢ £3) Solution Information 


+ Graphics Properties 


~| Definition 
Suppressed No 
Dimension 3D 
Stiffness Behavior Flexible 
Coordinate System Default Coordinate System 
Reference Temperature | By Environment 4 
C—O [3] Type | (mm). | 
Thickness Mode Manual | 
Offset Type Middle ——————" 
Treatment None 
— Material 
Assignment Structural Steel O 
Nonlinear Effects Yes \ 
Thermal Strain Effects | Yes || 
+ Bounding Box 
+ Properties 
| Saeeis [4] Structural Steel is 
3} GAD Aaeeeetae used by default. 7 


DMSheetThickness 0 


y & Surface Body [>] Highlight Analysis 
yok Coordinate Systems Settings. | 


J ydla] Symmetry — A 
Ap Mesh | 


co oP Named Selections | 
iS es Static Structural (AS) | 
vi. Analysis Settings © 
=}-9§a] Solution (A6) 
(0 Solution Information 


“7 


Details of “Analysis Settings” 
=| Step Coatrols 
Numbex Of Steps 2. 


Fegan Catal 
=| Solver Coatrols 

Fegan Catal 

of 


Solver Pivot Checlang | Program Contolled 
Loxge Deflection 


[6] Type 2 for 
Number of 
Steps. | 


% ZF 


[7] Turn on Large 
Deflection. el 
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QP @ Fixed 


TORT ay | Scoping Method | Geometry Selection ( ‘ 
rictionless 
Supports 1 Edge O—— [10] Click Apply. | 
i Displacement [=)| Definition 
Structural 
ee 
Coondinate System | Global Cooudinate System 
a %y X Component 
[8, 12] Insert a 
Displacement. / | 
% J 
[1 1] Fix the edge in 
Y-direction. <— 
My. Z 
a 


[9] Select this edge 
(using the edge filter). /7 


eS 


[14] Click Apply. | 
/ 


Coondinate System | Global Coondinate System 
Free 


[13] Select 
this edge. 7 


%y 
( [15] Select Tabular for 
Y Component. | 
\ i 


a Tabular Data J 
Steps | Time [s] fy ¥ [nm] | 
0. 


[16] Type like this: push 
the edge |.0 mm 
downward and then pull 
it back to the original 
position. | | 
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“| Project 
=| gl Model (A4) 
S =| Aff Geometry 
ii y & Surface Body 


a 


/ 
[17] With Solution highlighted, 
insert a Stress/Equivalent 
(von-Mises). | 


> Coordinate Systems 
all symmetry 
8 Mesh 
Ci] Named Selections 
AQ Static Structural (A5) 
Wa Analysis Settings 
/¥, Displacement 
Je, Displacement 2 
=|] Solution (A6) 
rad Solution Information 
/@H Equivalent Stress 


| 


Ms 
—*s— Force Convergence 
2g 7326.5 
1275.9 
Solve 222.21 
38.699 
Z 6.7396 
S 1.1737 
°o 
i 0.20441 
ef 3.5599e-2 
[18] Solve. Workbench ite 
completes the solution sie 
with only two substeps, at 1 2 3 
|.0 second and 2.0 
seconds. # 


— —— Force Criterion 


— — - Load Step Converged 


™ 


4. 5. 6. 


Cumulative Iteration 


14.2.5 Results of the Linear Material Simulation 


1g] Solution (A6) 
Solution Information 


Copy Cell 


C 


[1] Highlight 
Equivalent Stress. — [3] Click the first 
ee load step and then Select All 


right-click-select 

Retrieve This 
Result. 2] 

be: # 
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Retrieve This Result 


Retrieve This Result 


es an x 


[2] Tabular Data shows that, 
at the end of first load step, the 
maximum stress is 1955.6 MPa 
and, at the end of the second 
load step, the maximum stress is 
essentially zero (it must be so for 
an elastic material). <— 
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*k Coordinate System 


i=) Geometry 
> Ry Surface Body 
PB Materials 


Be a 
yk Global Coordinate Syste 


vik XYPlane 
yvok Plane4 
fin} Symmetry 
/® Mesh 
+) & Named Selections 
= /&& Static Structural (A5) 
y Hdl Analysis Settings 
/@ Displacement 
vB Displacement 2 
=) 2) Solution (A6) 
Jt) Solution Information 
/® Equivalent Stress 


~ 


er 
[6] Click Coordinate System 
and rename the new coordinate 
system as Cylindrical 
 Project* Coordinate System. \, 
cE) Model (A4) \ ZB 


A: Static Structural 
Equivalent Stress 


Type: Equivalent (von-Mises) Stress - Top/Bottom 


Unit: MPa 
Time: 1 


1955.6 Max 
1747.3 
1539.1 
13308 
11226 
=} 914.37 
_! 706.13 
| 497.89 
289.65 

BD 1.407 Min 


rs 
[5] Highlight Coordinate 
Systems. \. 
K / 
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[4] Most of the area has stress larger than the 
yield stress (250 MPa, see 14.2.1[4], page 536). 
This is not realistic. However, to compare the 
results with those in the model using a plastic 

material, let's explore some other behaviors. / 


7 


s 


[7] Set up the coordinate 
system like this. _ | 


— 


| 


Definition 

Type Cylindrical 
Coordinate System Program Controlled 
APDL Name 

Suppressed No 

Origin 

Define By Global Coordinates 
Origin X 0.mm 

Origin Y 0. mm 

Origin Z 0. mm 

Location Click to Change 
Principal Axis 

Anus x 

Define By Global X Axis 
Onentation About Principal Aas 

Axis Z 

Define By Global Y Axis 
Directional Vectors 

Transformations 

Base Configuration Absolute 


Transformed Configuration [ 0. 0. 0. j 


e) 


OOO 


OO 
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El _ {gi} Solution (A6) 
. A Solution Information 


Stress 


~~ J Equivalent Stress 


Normal Stress 


[9] Select Cylindrical 
Coordinate System and 
select Y Axis. Now, Y-direction 
is read 9-direction, or tangential 
Details of "Nonmal Stress” direction. This stress is also 


=| Scope - called the hoop stress. | 
Scoping Method Geometry Selection 


[8] With Solution 
highlighted, insert a 
Stress/Normal. — 


* 


, 
[10] Display the 


Diy Tine Es OOP Sirens at 
Ccoidaase Seem the end of the 
Calculate Time History | Yes first load step. <— 
Solve Suppressed No 
E) Integration Point Results 
Display Option Averaged 
Average Across Bodies | No 
G|Resalts 


Main Ose [| SSSCSC~*S 
Information 


Ne 


A: Static Structural 
Normal Stress 
Type: Normal Stress(Y¥ Axis) - Top/Bottom 
Unit: MPa 

Cylindrical Coordinate Systern 
Time: 1 


1090.9 Max 
748.78 
406.66 
64.536 
-277.59 
-619.71 
-961.83 


[12] Highlight Normal 
Stress. Compressive hoop 
(tangential) stress dominates 
the top surface. | | 


-1304 
-1646.1 
-1988.2 Min 
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A: Static Structural 

Normal Stress 

Type: Normal Stress(¥ Axis) - Top/Bottom 7 
Unit: MPa 

Cylindrical Coordinate System 

Time: 1 


1090.9 Max 
748.78 


-1646.1 
-1988.2 Min 


[13] Tensile hoop 
(tangential) stress dominates 
the bottom surface. | 
K 


$$? 


[15] We want to know the 
force required to displace 


Details of “Force Rese the Belleville spring. | 


Probe 


Boundary Condition | Displac 


Global Cosine Se 


[14] With Solution 
highlighted, insert a Probe/ 
Force Reaction. — 


%, os E) 


Minimem Value Ovex Time 
Avsas | 


5 =< [16] Solve. , | 
Solve Z 


_ 
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Graph 
Animation |« > a) |  20Frames ~ 2Sec(Auto) ~ & eS fe lv. Force Reaction (Y) IN) 
2 
2.1827e-2 A 
-25 Fal 
Pa 
oo -50 PA 
= 75 wr : : 
ww [17] A force of 143.21 N is required to 
-100 oi 
ut displace | mm downward. To plot a more 
nee ve accurate force-versus-displacement curve, 


[18] Set up Analysis 
Settings for the first 
load step. > 


Details of “Analysis Settings” 


2 

Cement Sep Nene ff O 
SepaTie ks 
seo See [OO 


O 
O 


(=]| Solvex Controls 


a 
WeskSpos OF 
Lage Delectin Oe 
neta Relief [Oh 


Restart Coatrols 

Hoalineaxr Coatrols 

Ontput Coatrls 

Analysis Data Managemeat 


Solve 
4.5798 
P I q 1.1455 
S 
a \ o 7.1667e-2 
OO. 5 
[20] Solve. | | | u. 1.7926e-2 
4.4837e-3 
¥ °° &3&»¥Y 
1.1215e-3 
7.0164e-5 
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we need smaller time steps. / 


P 


\ 

[19] Set up Analysis 
Settings for the 

second load step. / 


(=]| Step Coatrols 


Renter See [2S 
Cunt Sperber [2 
Sep EdTire (25 
[aio Tine Sepine [Of CO 
Beer ee 


Time Step Ols 

(=]| Solver Coatrols 

Waki (OF 

Tag Deteoton [Oe 

estat [Of 
Hoalinear Coatrols 


Output Coatrols 


Visatahity 


—*e— Force Convergence —e— Force Criterion 


- Substep Converged 


Wgpoaaaaeee. 


- Load Step Converged 
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: | Tabular Data ~fR0x 
Animation |< > _| | (wm) m 20 Frames ~ 2Sec(Auto) ~ & pra . | Time [s] lv Force Reaction (Y) [N] 
1 0.1 -28.731 
sae 2 2 |o2 -53.46 
coe 3 |03 -74.49 
/ 4 |04 -92.13 
a4 [21] Highlight Force f 5 |05 _-106.68 
\ P . / 6 |06 -118.43 
\ Reaction to view the / a en 
3 \ . Pi ta a 
\ force-versus-time curve. | / 8 |08 “134.7 
> \ / 9 |0.9 -139.79 
ag 7 \ - 10 |1 -143.23 
, ; 11/11 -139,79 
-100 12 |1.2 -134.7 
‘. 13 | 1.3 -127.67 
~ a 1411.4 -118.43 
195 = a ; 
“les ae 15 |1.5 -106.67 
143.23 se 16 | 1.6 -92.126 
-143.23 | - 
: eS iP R : ae ex. | 17 |1.7 -74.486 
18 |1.8 -53.455 
[s} 19 | 1.9 -28.729 
; ; 20/2 2.2366e-003 


i 


USER [22] With Solution highlighted, click 
User Defined User Defined Result. \, 
Result 
| 


letaik: of “User Defined Result” 


-| Scope 
Scoping Method Geometry Selection 
‘Geomety 1 Edge [24] Click Apply. | 
Sub Scope By Layer 7 [23] Select 
Layer Ente Section this edge. <— 
Position TopBottorn 
=| Definition TT 
Type ‘User Defined Result _f [25] Type UY 
Exepuession : (without an 
Input Unit System Metaic (mm, kg, N, 5, m¥, mA) equal sign). | e 
ometst | 
Tm 
[Dia Tat 
Coondinate System | Global Cocudinate System 
a Solve OEE 
=]| Integration Poiat Results Animation |¢ > {Mi|P1 |I1|/M 20Frames + 2Sec(Autc) ~ © QB . 


Display Option [Avenged : 
Avemge AomesBoiies [No Ar 7 
/ % bi 


=)| Results 


a F 
Information Ky % . 
[27] Highlight User Defined Result to “ ; os 


view the displacement-versus-time curve. 
It is the same as the input displacement 
(14.2.4[16], page 540). | | 
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Create a Force-versus-Displacement Curve 


: pa Commands (@) images: 
[28] In step [21] (last page), we have a force-versus-time curve, while in E g 


step [27] we have a displacement-versus-time curve. Now, we want to 
combine them and create a force-versus-displacement curve. > 


CiIcomment [Section Plane 


4 Chart © ®Annotation 


| 


f [29] Click Chart. <— ) 


ra \ 


[30] Click to bring up Apply/Cancel buttons and 
control-select Force Reaction and User Defined 
Result in the project tree and click Apply. | 


Dr tails of "Chart" 


7 §#Ox 


22366e-3 a 


-25 


S -50 wf 
S 7 al 
5 P 
Chest And Tabulax Date ” a 
-100 a 
Caption 
Fi 
| ne 
-143.23 
ee —— 1 0875 -O75 0625 -05 0375 025 0125 0 
]UniDefied Rendt On) [Onit | 
User Defined Result(Mex) [XAxis 8s Displacement 


[31] A force-versus-displacement curve. | 


150 

120 
Z 
pe) 
5 90 [32] This is a re-plot of the force- 
a versus-displacement curve [31] ina 
= more convenient fashion. We want to 
3 60 emphasize that the loading curve is the 
rat same as unloading curve; this is always 
E true for elastic materials, but may not 
UO be true for plastic materials. 

30 Close Mechanical. # 
0 


0 0.2 0.4 0.6 0.8 [.0 


Downward Displacement (mm) 
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14.2.6 Set Up for Simulation with Plastic Material Model 


, ES [I] Right-click here and 
select Duplicate. // 

2 @ Engineering Data oS 4 

3 EE) Geometry wv 2 

4 @ Model - 2 

i @ Set <a [4] Double-click 

5) @ scuton il” Engineering Data of 

7 @ Resuits a the new system. \, 


[2] Rename like this for 
the old system. | 


Belleville Washer (Linear Material) 


[5] Select tonne-mm-ss as 
project units and select Display 
Values in Project Units. / 


im 7 Static Structural 
4 EngineeringData OQ Y | | 
| Units | Extensions Jobs Help 


3 led] Geometry 0 

4 @ Mode! ae SI (kg,m,s,K,A,N,V) 

5 @@ Setup -. Metric (kg,m,s,°C,A,N,V) 

6 @& Solution P a Y Metric (tonne,mm,s,°C,mA,N,mvV) 
7 @ Results Pe: . U.S.Customary (bm,in,s, F,A,bbf,V) 


[3] Rename like this for 
the new system. 7 


Belleville Washer (Nonlinear Material) U.S.Engineering (Ib, in,s,R,A,lbf,V) 


Display Values as Defined 


—— 


[6] Expand Plasticity and double-click a SELES ee 
Multilinear Isotropic Hardening to 
. a ee 
include it in Structural Steel. | | 
7 
Outline of Schematic 62: Engineering Data —_— vi — CO —_ ~ ax 

Physical Properties B | c | 2) E — 

a Linear Elastic Contents of Engineering Data t. i) 7d Source ae 

a Hyperelastic Experimental Data Material 

Hyperelastc % a oO Fatigue Data at zero mean stress comes from 1998 ASME BPV Code, 


General_Materials. xr 
Chaboche Test Data | | Section 8, Div 2, Table 5-110.1 


B Plasticity 
A Bilinear Isotropic Hardening 
iM Multilinear Jsotropic HarGening eo. 


—- - - a A 4 — — — 


Properties of Outine Row 3: StructralSteel { ~ mx 


Bilinear Kinematic Hardening = a = s a si heal 
A Multilinear Kinematic Hardening == Value = ia Unit [ees tea 
$A Chaboche Kinematic Hardening ‘J Table 
{J Anand Viscoplastiaty 3 —< 7.85E-09 | tonne mm*-3 | 
ia supersede ) R Isotropic Secant Coefficient of Thermal Expansion 

a Sree — a la A Isotropic Hastaty 

a Life 7 | Derive from | Young's Modulus and Poisson's Rato Pa 

|B Strength eT Young's Modulus | 26405 | MPa (| 

a) Gasket 9 Poisson's Ratio 0.3 | | 

|B] Viscoelastic Test Data r wo | Bulk Modulus | 1.6667E405 | wpa 

|B Viscoelastic Waa | Shear Modulus | 76923 | MPa | 
| I Shape Memory Alley : al i 12 | F Alternating Stress Mean Stress | Tabular | 
| Bl Geomechanical |} 16 le $2 Straintife Parameters 

|B Damage Eee § Tensile Yield Strength | 250 | Mpa 

| C2) Cohesive Zone | 25. J Compressive Yield Strength | 250 ‘MPa 

| GI Fracture Criteria | 36 | Tensile Ultimate Strength | 460 | MPa 

Custom Material Models 27 | YF Compressive Ultimate Strength | 0 | MPa 

al cee 
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———_—$_§~ 


[I 1] Return to Project 
Schematic. \, 


df [9] Type these data (see 


| 4.2.1[4], page 536). Make sure 
the stress unit is MPa. | 


[8] Type 22 (degree C) 
for the temperature. > 


Steere eres eeee 


Fatique Data at zero mean stress comes from 
©) |} General_Mate 1998 ASME BPV Code, Section 8, Div 2, Table 5 
-110.1 


sch aed RX 
| A c Die 
. 4 | Property _— value Unit |e || —— E 
| 2 | ( Material Field variables [ESI Table = |_vs {01 ee ns 
| 3 | Density 7.856-09 "tonne mm*-3 ze0 Se ET 
7 a @ Isotropic Secant Coeffident of 
Thermal Expansion 275 
ge la {Isotropic Elasticity 
E 7 | Derive from | Young's Modulus and Poisson's Rabo si — 
ba 8 | Young's Modulus | 2E+05 | MPa = 
| = x Poisson's Ratio | 03 L = 
10 Bulk Modulus | 1.6667E405 | MPa o = 
l il | Shear Modulus | | MPa i £ 
&@ {2 Multiinear Isotropic Hardening | 260 [10] The stress-versus- 
q 5 | @ Nz) Alternating Stress Mean Stress plastic-strain curve. A 
| 19 [a Ly) Strain-Life Parameters }, | = 255 
27 | $A Tensile Yield Strength 250 MPa 
2B | yy "Compressive Yield Strength ] 250 - | wpa 4 1a 250 
= oO | a SENSES SVE lai : | es —— 0 0.0005 0.001 0.0015 0002 00025 0003 00035 0.004 
| 30 =i Compressive Ultimate Strength — {eo | MPa Plastic Strain [mm mm*-1] 


[=| \g| Model (B4) 


Jf Geometry 

yok Coordinate Systems 
all symmetry 

/€2 Mesh 


Ci) Named Selections 
Ag Static Structural (B5) 
tN Analysis Settings 
7, Displacement 
2, Displacement 2 
=|] Solution (B6) 
Solution Information 
{@ Equivalent Stress 
J&B Normal Stress 


a Force Reaction 


/%@,, User Defined Result 


gi) Chart 


roe 


[4)~[4) 


[7] Highlight Tabular of 
Multilinear Isotropic 
Hardening. { 


[13] Highlight 
Solution 
Information. — 
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[12] Start up 
Mechanical. / 


rd 


Bellevelle Washer (Nonlinear Material) 


[14] Solve. | | 


So 
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—e— Force Convergence 9 ——@—— Force Critenon 


— — - Substep Converged — — - Load Step Converged 


[15] The force 


convergence 
curves. # 


3.5582e-3 


1.0282e-3 


2.971e-4 


Time (s) 
—_ m 


1 3 6 9 12 15 18 21 24 27 30 32 


Cumulative Iteration 


14.2.7 Results of the Nonlinear Material Simulation 


B: Belleville Washer (Nonlinear Material) 
Equivalent Stress 
Type: Equivalent (von-Mises) Stress - Top/Bottom 


2.) 
[|] Highlight Equivalent Stress. A 
majority of the surface area is 


! plasticized (stress larger than 250 MPa) 
at the end of the first load step. <— 
79M 
Jp ea 
219.27 
( ( 189.4 
[2] Remember 159.53 
the time is |.0 cad 
second (14.2.5[3], 69.934 
40.067 
page 541). 7” 10.201 Min 
KY 


B: Belleville Washer (Nonlinear Material) 
Normal Stress ad 


Type: Normal Stress(¥ Axis) - Top/Bottom 
Unit: MPa 


oordinate System 
Time: 1. 


279.85 Max 
21641 
152.97 
89.529 
26.088 
| 37.353 
-100.79 
164.23 
-227.68 
291.12 Min 


Ay, 


[3] Highlight Normal Stress to view the 
hoop stress. Note that the top surface is 
dominated by compression (blue color), 
while the bottom surface is dominated by 
tension (red color). | | 
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Compressive Force (N) 


[4] Highlight Chart to Smo 
view the force-versus- 
73.206 ~ 4 
displacement curve. \, i : 
a # 
50. rg < 
Pa 5 
é 
7 
25. r 
aw 9 
10 
0 y, 11 
12 
ww 13 
-25. si -“ . 14 
Pall 15 
aa 16 
50. -ee_ ail 17 
Ss agit 18 
63.616 =a ees [a 19 
1 0875 0.75 -0.625 05 0.375 -0.25 0125 0. 20 


Displacement 


ee Let's explore the 
residual stress at this 


eae 


— 


mame released. | 


Downward Displacement om 


point when the 
external force is 
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~ 30x 


-28. 731 
-50.394 
~60.312 
~63.616 
~62.887 
~62.135 
-59.794 
-56.625 
-54.333 
-51.886 
-42.591 
~31.697 
-18.802 


12.081 
27.461 
41.798 
$4.57 
63.778 
73.206 


[5] The data show that, at |.4 second, or 
displacement of 0.6 mm, the reaction force 
is almost zero; i.e., the external force is 
almost completely released. | 


[6] This is a re-plot of the force- 
displacement curve in a more 
convenient fashion. The emphasis here 
is that the loading curve and unloading 
curve are different, unlike the elastic 
solution, |4.2.5[32] (page 547). / 


[7] The curve below zero force has 
little practical usage. It is the force 
required to pull the spring back to its 
original position. 7 


[9] Highlight Equivalent Stress. In 
the Tabular Data, click here (when 


the time is 1.4 s) and right-click-select 1521.08 279, 119.97 
Retrieve This Result. _l sna 279 161.14 

Copy Cell 182.84 

Retrieve This Result 192.22 


Create Result 


Retrieve This Result 


Export 


Select All 


@Seismicisolation 


552 Chapter 14 Nonlinear Materials 


B: Belleville Washer (Nonlinear Material) 
Equivalent Stress 
Type: Equivalent (von-Mises) Stress - Top/Bottom 


nit: MP« 


279 Max 
248.65 
218.31 
187.96 
157.62 
127.27 
96.923 
66.577 
36.231 
5.8852 Min 


[10] Residual 
equivalent stress. | 


[v Average [MPa] ff 


lv Maximum [MPa] | 


[¥ Minimum [MPa] 
136.19 


-240.2 


1 
2 |02 -271.42 251.02 28.234 
3 |03 -281.42 261.8 30.492 
4 |o4 ~284.61 268.8 28.644 
5 |0.5 -285.43 272.54 27.24 
f . ; \ 6 (06 -288.63 276.15 25.817 
[11] Highlight Normal Stress. 7 |o7 __|-290.49 277.55 24.946 
. 8 jos -290.79 278.27 24.071 
In Tabular Data, click here ¢ jos —-2908 279.09 23.338 


1 -291.12 279.85 21.894 


(when the time is |.4 s), and 
right-click-select Retrieve 
This Result. | 


291.58 


-277.85 291.18 ~40.004 
Copy Cell = Sse 
4.48 ~41.417 

Retrieve This Result 6.71 -38.159 


7.95 


Retrieve This Result |) 


Create Results 


B: Belleville Washer (Nonlinear Material) 
Normal Stress 

Type: Normal Stress(Y¥ Axis) - Top/Bottom 
Unit: MPa 


Cylindrical Coordinate System 


we 285.19 Max 
241.63 
198.07 
154.51 
110.95 
67.394 
23.834 
-19.726 
-63.286 
-106.85 Min 


Export 


Select All 


[12] Residual hoop stress. Note that the top surface is 
dominated by tension (red color), while the bottom a 

surface is dominated by compression (blue color; please Wrap U 

compare this with the results in step [3], page 550). — p\P 


[13] Save the project and exit Workbench. # 
Beg sss 


Reference 


|. Wikipedia>Belleville Washer. 
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A: Static Structural 
Maamum Principal Elestic Strain 
| & Type Maamum Principal Elastic Strain 
Unit infin 
T 


me 1 


0.17316 Max 
015392 
013468 
011544 


Planar Seal oe 


005772 
003848 
001924 
0 Min 


14.3.1 About the Planar Seal 


200 


[1] The seal shown in [2-5] is used in the door of a 
refrigerator. The seal is a long strip of rubber, and we will 


model it as a plane strain problem (3.3.2, page 141). A series 160 |} [7] Biaxial tensile test. | 
of material tests has been conducted, including a uniaxial 
tensile test, a biaxial tensile test, and a shear test [6-8]. 


The strain range of the original test data covers much 


ws, (20 
more than the data shown in [6-8]. However, a preliminary a 
study of the problem shows that the maximum strain does n 
not exceed 0.3. Therefore, we decided to use the portion of = 

Y 80 


data up to a strain of 0.3. The data fitting will be better if we 
use only the relevant data. A series of trials of data fitting 
shows that, for these material testing data, the two-parameter 
Mooney-Rivlin hyperelastic model fits the data better than 40 
other models. We decide to use two-parameter Mooney- 
Rivlin model. 

The unit system used in this section is in-lbm-Ibf-s. \, 


[8] Shear test. # 


[6] Uniaxial tensile test. 7 


0 0.1 0.2 0.3 
Engineering Strain (Dimensionless) 


[5] The upper plate is 
displaced 0.85" downward. / 


[3] Upper steel plate. | 


Unit: in. 


| 3 


1.000 


133 
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14.3.2 Prepare Material Properties for the Rubber 


| [I] Launch Workbench. Create a Static Structural analysis system. Save the project as Seal. // ) 


A 


_ 
7 Static Structural 
2 


—________—«, 
[2] Double-click to 


@ Engineering Data ~ start up Engineering 

3 @® Geometry T a Data. — 

4 @ Model 2? 4 

5 G@ Setup © 

6 ws Solution ? y 

7 @ Results Pe 

Static Structural 
=_"_"—— www: 


[6] Expand Hyperelastic Experimental Data 
and double-click Uniaxial Test Data, Biaxial 
Test Data, and Shear Test Data. \, 


at! 


Sa r 
Toc Dox ¥ x 


fc Physical Properties 


| hd 
fH Linear Elastic a 
8 yperelastic Experimental Data fl 
| Uniaxial Test Data 
2) Biaxial Test Data 


Outline of Schematic A2: Engineering Data 


/ x 


[3] Select Units/U.S. 
Customary. | 


Units Extensions Jobs Help 
SI (kg,m,s,K,A,N,V) 

Y= Metric (kg,m,s,°C,A,N,V) 

Metric (tonne,mm,s,°C,mA,N,mvV) 


U.5.Customary (Ibm,in,s, F,A,bf,V) 


U.S.Engineering (ib, in,s,R,A,|bf,V) 


DesignModeler Unit System (m, degree) 
DesignModeler Unit System (mm, degree) 


Display Values as Defined 
Y Display Values in Project Units © 


Unit Systems... 


[4] Make sure Display Values 
in Project Units is selected. | 


[5] Add a new material 
Rubber. \. 


n stress comes 


(2]_Shear Test Data 4 % Structural Steel 
j4| Volumetric Test Data 

SA Simple Shear Test Data = 

9A Uniaxial Tension Test Data 

SA) Uniaxial Compression Test Data Properties of Outline R shina 


i Hyperelastic 
Chaboche Test Data 


Type or Copy Test Data? 


LLLP ee 


|G) Plasticity | 2 A Uniaxial Test Data 
ac Creep aes: | A Biaxial Test Data 
‘& Life |] 4] Shear Test Data 


Pee Se RSET STEERS ERE REE Eee eee 


[7] We will input test 
data here. <— 


[8] On the next page, we will show you how to input the test data [9-17]. We 
purposely simplify the data so that you should be able to type the data manually in a 


few minutes. However, if you really hate to type these data manually, you may import 
them from the following three files: Uniaxial TestData.csv, 

Biaxial TestData.csv, and ShearTestData.csv. They are comma-separated 
values (CSV) files and can be downloaded from the SDC Publications website or the 
author's webpage. See Preface and the inside front cover for details. _ | 
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Properties of Outline Row 4: Rubber 


—— = 


2{7] Uniaxial Test Data 


a - ma 


2/4] Biaxial TestData | [3 Tabular 


2A] Shear Test Data [= Tabular O | 


un 
a | 


[10] Type data (or import the data 
from Uniaxial Test Data.csv, as 
demonstrated in [19-24], next page) 


= 


| & Strain (in in’-1) = { Stress (psi) > 


| 
GF 
like this. Of course, you may copy | 3 
these data from the file and then zo 
paste here. | | 5 
*, x 
| © 
= 
C =e 
Pe EF Strain (in in*-1) = | Stress (psi) + | 10 
2 ES 
= | 42 
4 13 
5 | 14 
oe 15 
7 16 
8 17 
9 18 
10 190 
11 20 
1 | 21 
13 22 
14 23 
15 24 
6 a 
17 26 
18 27 
19 | 28 
20 ) 29 
a. 30 
22 31 
23 32 
24 ao 
25 | 34 
"ee. | 35 
ee 36 
28 37 
a | 38 
===! = | 
ee _ eer 


_—_—_—_- > 


1 | Temperature (F) = [1 1, 14, 17] In Table of 


eo 70 Properties, type 70 (degree F) 


“| for Temperature. ¢ | — 
ee, 
aE“ 
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[9] Click Tabular of 
Uniaxial Test Data. / 
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[12] Click Tabular of 
Biaxial Test Data. | 


\ 
[15] Click Tabular of 
Shear Test Data. | 
le 


\ 
[13] Type or copy data (or import the 
data from Biaxial TestData.csv) 
like this. | 


[16] Type or copy data (or import the 
data from ShearTestData.csv) 
like this. | 


[18] Go to [25], 
page 557. | 
\ 
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| 


[19] To import data (see [10]), right-click here 
and select Import Delimited Data... | 


‘ wf 
Table of Properties Row 2: Uniaxial Test Data ela x 
| Cc 
| | 
1 emperature (F) = i] Stress (psi) 


Paste 


iJ Engineering Data Sources 


bewerrrrererereeeeeersereree j 


0,0 
0.0116,12.3¢ 
0.0227 ,20.35 
0.0339 ,27 425 
0.0451,33.06 
0) .0557,38.29 
0.0664,43.45 
0.0773,47.86 
b.088,52.12 
0.0989 ,56.3 
0.1095,60.06 
0.1203,63.74 


BO. 151,07 «28 
0.1415,70.67 
O.1524, 73.77 
0.1628,76.84 
Oa l7S7, TS cB7 
0.184,682.8 
0.1947,85.61 
0.2051,68.5 
0.2154,91.13 
0.2259,93.77 
0.2366,96.37 
0.2475,99.07 
~ 0.2584,101.6 
0.2687,104.09 
0.2797,106.58 
0.2903,109.29 


[21] The file Uniaxial TestData.csv 
is a text file, containing comma- 
separated values (csv) like this. | 


[20] Click Browse and open 
the file 
UniaxialTestData.csv. | 

[23] Set up the eee, 


variables like this. \, 
\ a 


f,\ Delimited Dai Import 


Import File Je:\| |Ssys\Book18\Sec 14-3\UniaxialTestData.csv 


Browse 


| --File Format 


@ Preview. ||Full File Data Starts at Line 
A | rf a|| Delimiter Type [Comma 7) 


I¥ Auto Detect 


Variable I 
Unit 
File 


[22] The data are 
displayed here. \ yg ————_—_————-“, 
[24] Click OK. The 
data are then 
displayed in a table 
as shown in [10], 
last page. | | 
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Toolbox Ee 


| 4 Curve Fitting 


c Physical Properties 


CG Linear Elastic 


A Mooney-Rivlin 5 Parameter 
{2 Mooney-Riviin 9 Parameter 
J Polynomial ist Order 


[26] The material 
model is included 


| Mes ErU ale 
(A Ogden Foam Ist Order 
{4 Ogden Foam 2nd Order 


[25] Expand Hyperelastic 
and double-click Mooney- 
Rivlin 2 Parameter. / 


ties of ’ Outi e Row 4; Rubber 


Ce cz) 


1 

2 |f $4] Uniaxial Test Data |B) Tabular 

B E A Biaxial Test Data E Tabular PP] 
9 J] Shear Test Data (3 Tabular 


= Mooney-Riviin 2 
—! Parameter 


Material Constant C10 
Material Constant CO1 


Incompressibility Parameter 
D1 


[Sf Guveriting ©) _| Fit type: Mooney Rivin 2 Parameter 


psi* 
* 


——. 
=] Ogden Foam 3rd Order “a Error Norm fof Fit iaisaiincli =f _| 
A Extended Tube 19 i} Uniaxial Teg Data Be | Tabular L | 
HF Mullins Effet | 20 A Biaxial Te//Data | Ea Tabular 

P - + ~— 

3) Chaboche Test Data | 23 J Shear Ty f Data | Tabular 
| Plasticity ha Volume! jc Test Add this experimental data, to include it in 
22 Data the curve fitting. 

i View All / Customize... | |! 


[27] Right-click Curve Fitting 
and select Solve Curve Fit. 7 


Delete Curve Fitting 


Copy Calculated Values To Property 


wo Engineering Data Sources 


Display Validation Failure 


Expand All 


Collapse All 


Proper bes of Chart: : Uniaxial Test Data Rubber 


== Tabular 


7 Uniaxial Test Data 
a) || nz) Biaxial Test Data 
© Y Shear Test Data 
| ae Mooney Rivlin 2 
13 _ Na Parameter 


=3 Tabular 
==4 Tabular 


" & és CurveFitting O Fit Type: Mooney-Rivlin 2 Parameter 


Error Norm] 3x = Delete Curve Fitting 


Solve Curve Fit 


Copy Calculated Values To Property | 


Display Validation Failure 


| et 
= a Fit 

| Uniaxial Te: 

19 a Data 
20 | Biaxial Test 
21 iz, Shear Test 
Volumetric | 

-- 7 Data 


Expand All 
Collapse All 


Engineering Data Sources 


14 Material Constant C10 | 103.17 | psi 
Material Constant CO1 | ~4.8079 Si 

15 | aa a 
Incompressibility ; 

i6 Parameter D1 psi*-1 | 
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[28] These are the calculated 
material parameters. | 
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SA SEIN Table of Properties Row 17: Mooney-F 


Parameter D1 


Material Constant co 


| -4,8079 


— Material Constant C10 i: 103.17 


Chart of Properties Row 17: Riv ie 
Biaxial Test Data ra 
Shear TestData + ] 
Una Se 
.* ® ~ biax 
150 ry * a — 
@* Uniaxial Test Data » 
* * 
A * o—_ e? 
> ° 
= ° 
= « . a? 
100 + .? * 
rh roe! Y o* 
: e Pe. ae i 2 
5 * 
a . — oe? 
4 * 
50 
0 
0 0.05 0.1 0.15 02 0.25 03 
Strain [in in®-1] 


[29] Dotted data are test 
data, and the solid curves 
are fitted curves. | 


oOo — ee 


[30] Right-click Curve Fitting 
again and select Copy Calculated 
Values to Property. | 


[31] Now, the material parameters are input 
here. You could have directly input these 
material parameters here without steps 

[6-24, 27-30] (steps [25-26] are required). | 


f 


a 


| ~ Project | 


[32] Return to Project 
Schematic. # 


% 
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14.3.3 Create 2D Geometry 
a 
7 


2 
[1] Start up DesignModeler. / 

2 | @ EngineeringData Y , 

4 yg Mode! tT a --—___— 44 

; : 4.8 

=) R=) Setup 

6 | @ Solution ; 

7 @ Results [3] Remember to impose |: 


m 


& 


ogi) | oni) | ogi) | oF 


& 


Static Structural a Parallel constraint on 
these two edges. | 
| 


ie 


[2] Select Inch as the length 
unit. Create a sketch on 
XY Plane like this. 7 


0.133 


[4] Add fillets and specify their 
radii. (For the radii of the 
fillets, please also see 14.3.1, 


page 553.) | 
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Concept Tools Units View | \ 


[5] Select Concept/ 
Surfaces From 
Sketches. — 


“se Lines From Points 
cS) Lines From Sketches 
‘nm From Edge 
VA, 3D Curve 


Surfaces From Sketches 


Cross Section > 


RO.05 ; 


Concept Tools Units View 1] 


“oe Lines From Points 
cf) Lines From Sketches 
(>) Lines From Edges 
Vy 3D Curve 

“«, Split Edges a : 
© Surfaces From Edges 


[9] Select Concept/ 
3) Surfaces From 


Ge Surfaces From Faces Sketches. — 


Faas Detach \ Fr. 
Cross Section > 


surfaces From Sketches 
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(-|| Detauls of SurfaceSki 


3 


Thickness (>=0) 


[6] Select the newly 
created sketch 


fea (Sketchl). | 


| 


[7] Create a new sketch 
(Sketch2) on XYPlane. | 


[8] Draw a Rectangle like this. Note 
that its lower-right corner coincides 
with the upper-right corner of the 
rubber. The rectangle has a size of 0.2 
inx |.6in. #% 


[10] Select the newly 
created sketch 
(Sketch2). || 


Details View 
=| Details of SwfaceSk2 
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Shete hs ~ 


[11] Create a new sketch 
(Sketch3) on XYPlane. | 
\ 


J 
[12] Draw a rectangle of the same 
size as the upper plate. Note that 
its upper edge coincides with the 


horizontal axis. | 
\, 


Concept Tools Units View | 


“so Lines From Paints 

9) Lines From Sketches 

(>) Lines From Ed ges 

\A, 3D Curve 

“« Split Edges 

© Surfaces From Edges 

Pill Surfaces From Sketches @ 
QP surfaces From Faces 


i Detach 
Cross Section > 
| 


Details View P : 


Details of SurfaceSk3 
Swiface From Sketches SwiaceSh3 


Onent With Plane Normal? | Yes 
Oin 


[13] Select Concept/Surfaces 
From Sketches. | 


[14] Select the newly 
created sketch 
(Sketch3). | 


0.133 
RO.05 3 


El ) Se] A: Static Structural 
=| y>f. XYPlane 
yl! Sketchl 
v2) Sketch? 
yd) Sketch3 

ye ZXPlane 

ote YZPlane 

yee SurfaceSk! 
ve surtacesk2 
yee SurtaceSk3 

Ga 3 Parts, 3 Bodies 


[15] Rename the three 
bodies. Close 
DesignModeler. # 


noes i Lower Plate 
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14.3.4 Set Up for Simulation 


s of Schematic A3: Geometry 


Component ID 

Directory Name | sys 
= Notes 

Notes 
© Used Licenses 

Last Update Used Licenses 
9 = Geometry Source 


10 Geometry File Name 


11 = Advanced Geometry Options 
12 Analysis Type 


[I] Select 2D for 
Analysis Type 
(3.1.4[4-6], page 112). \, 


13 Compare Parts On Update No 


aE 


| 


[3] Highlight 
Geometry. | 


(| Project 
=) [3] Model (A4) 
=| /®p Geometry 
y BQ) Rubber 
vy ® Upper Plate 
y a Lower Plate 
4 > Coordinate Systems 
+) ABB Connections 
J&B Mesh 
ce) =] Static Structural (A5) 
vZ. Analysis Settings 
=)-9ld@a] Solution (A6) 
e(Q] Solution Information 


ails of “Geometry” 


+)| Advanced Geometry Optioas 


[4] Select Plane 
Strain (3.3.2, page |41) 
for 2D Behavior. /” 


i 


[5] Highlight 


Rubber. | 


Gl] Project 
S Model (A4) 
J Geometry 
~-y By Rubber © 
y Ba Upper Plate 
y ® Lower Plate 
yok Coordinate Systems 
A Connections 
vB Mesh 
9{=] Static Structural (A5) 
a Analysis Settings 
=|--2it§]_ Solution (A6) 
AX Solution Information 


#] 


a) 


Listails of “Rubber” 

Graphics Properties 

-[Pefaiim 
Soest fo 


Stiffhess Behavior Flexible 

Coordinate System Default Cooudinate Systern 

irvine 

Behavios None - 
=| Matexnal 

Assignrrent Rubbex ae >| 


Nonhnesx Effects Yes 
Thexrmel Strain Effects | Yes 
Properties 
| CAD Attubutes 
DMSheetThickness [0 


[6] Select Rubber for 
Assignment. 7 


@Seismicisolation 


Section 143 Planar Seal 561 


Static Structura 


Pa 


[2] Start up Mechanical. Select 
the in-lbm-Ibf-s unit system. <— 


[7] Select Upper Plate 
and then control-select 
Lower Plate. | 


Project 
Sy Model (A4) 
EI Jp Geometry 
vy Rubber 
y BQ Upper Piate O 
v ®y Lower Plate CO 
yx Coordinate Systems 
J Connections 
J@p Mesh 
7) Static Structural (A5) 
7 a| Analysis Settings 
9/2] Solution (A6) 
(9 Solution Information 


fH 


H 


letails of "Multiple Selection” 


Flesable 
Default Coondinate Systern 


[8] Make sure the material is 
Structural Steel. _ | 
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(=]| Scope 
Scoping Method 
Contect ee 
Teaget 
cone Paes [9] Highlight Connections/Contacts/ 
a <a Contact Region, and reselect the contact y 
a edges, a total of 7 edges selected, see [10-11]. > y 
= aactake re) N J y [10] Start of 
Scope Mode Mol dj the contact 
Behavicn Asymme tic O y edges. < 
Tam Contact Program Contolled 
[Suppressed No [11] End of the contact f 
5 — a edges, including the U 
ton m Con . 
elena inane vertical edge. | 
| Penetration Tolerance Program Contolled 
Newel Sites 
Update Stiffness Program Contolled 
| Stabilization Demping Factex | 0. 
| Pinbell Region Prograrn Contolled 
Tne Sep Contes (Now 
=| Geometric Modification 
[Interface Treatment Add Offset, No Ramping 
| Offset 0. mm 
Contact Geometry Comection [Noe *~ 
Texget Geometry Comection | None 


Details of "Finetionless - Rubber To Vai 


~ 


[12] Highlight Connections/Contacts/ 
Contact Region 2, reselect the contact edges, 


a total of 6 edges selected, see [13-14]. — [13] Start of 


oJ — —_ Kany Sime the contact 
cone 
Cane ecges. 
Taaget 1 Edge 
Contect Bodies 
Teaget Bodies 
Shell Thickness Effect No 
(=]| Definition 
| Type Factionless {) 
Scoye Moke Monel 
aaa ieeeante .) [14] End of the contact edges, not 
‘Trim Contact Progam Contiolled including the vertical edge. // 
Suppressed No 
=]| Advanced 
Formulation Prograrn Contolled 
| Detection Method Program Contuolled . , — — 
| Penetration Tolerance Psogram Contoolled Details of Analysis se : - 
Nexal Stitess Progam Contlled B|StepCoatols 
Update Stiffness PiogamContolled | Number Of Steps ‘t | 
eee Geen Sup Nene fe 
Pinbell Region Program Contolled : 
3 StepEndTime [ks 
Tie Step Conta None Step End Time 
[Interface Treatment Add Offset, No Ramping =]| Solvex Coatrols 
= = Saree [Pegan Cats 
Weak Spuings Ce 


Asymmetric Behavior 


[15] When flat surfaces (or edges) are involved in a 
contact region, the flat surfaces are usually chosen as 
Target. For these cases, we may choose Asymmetric 
for Behavior to save computing time. > 


oa 


Cannan na eee eens [16] Turn on Large 


Deflection. |_| 
\ J 
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[17] Insert a Frictionless 
Support for these three edges (they 
are on the plane of symmety). /“ 


Details of “Frictionless Support” 


Se eee —— 
cemty—SBies 
[Definition 
fine [Fists Suet 
Semeed [No 


Details of "Fixed Support” 


Scoping Meta | Geovety Slaton 


[18] Insert a Fixed 
Support for this edge. | 


Details of “Displacement” 


—_—_$———_ 


[19] Insert a Displacement of 
0.85 inches downward for this edge. 
Make sure the unit is inch. _ | 
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* i x 
=| Display 
Display Style Use Geometry Setting 
=| Defaults 
Physics Preference | Mechanical [20] Set the 
Element Order Program Controlled : 

. element size to 
| sizing 0.02 inches and 
=l Quality generate mesh. | 

Check Mesh Quality Yes, Errors % 
Error Limits Aggressive Mechanical 

Target Quality _| Default (0.050000) 
Smoothing Medium 


Mesh Metric Skewness 


| 1.3057e-010 
(0.41646 
Average |2.1833e-002 Project 
Standard Deviation) 5.5644e-002 SS Model (A4) 
+ | inflation S Jt Geometry 
+ Batch Connections x Rubber 
+ Advanced : x & Upper Plate 
=|| Statistics ~ & Lower Plate 
Nodes 6716 ys Coordinate Systems 
Elements | 2063 -) m3) Connections 
iS J/@i Contacts 
| vb Frictionless - Rubber To Upper Plate 
v 4, Frictionless - Rubber To Lower Plate 


JAB Mesh 
=}--y{2] Static Structural (A5) 


VLA Analysis Settings 
. J? Frictionless Support 
JB, Fixed Support 


Solve JB, Displacement 
=|\ga) Solution (A6) 


Z\§ | Solution Information 
[2 I] Insert these result Maximum Principal Stress 
objects. We want to view £@B Minimum Principal Stress 
the tensile stress/strain, BM Shear Stress 
compressive stress/strain, @® Maximum Principal Elastic Strain 
and shear stress/strain. <— {@ Minimum Principal Elastic Strain 
ay Shear Elastic Strain 


—se— Force Convergence —=—— Force Criterion — — - Bisection Occurred — —- + Substep Converged 


1.45e-4 


1 10. 26 30. 40 50. 60 70. 9) 90 100 109. 


Cumulative Iteration 
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14.3.5 View the Results festaticsuuctura 


YY) " Ss 
fr 


QE ee 


Unit: ps 
Time: 1 


139.78 Max 


[1] Maximum 
tensile stress. | 


\ 


—A:Static Structural 
| Minimum Prinapal Stress J 
ype Minimum Pnncipal Stress 


Unit ps 


[2] Maximum 
compressive 
stress. | 


Time. 1 
A: Static Structural 
Shear Stress 
Type shear Stress(XY Component) 
Unit: ps 


mm 6.6467 Max 
-6 9095 
-20466 
-34 022 
-47578 
Global Coordinate System 
Time 1 
22.342 Man 
15.398 
84527 
15078 
-5 437 
-12 382 
-19 327 
-26.272 A: Sta cturz 


ype: Meximum Prnapal Elastic Strain 
Unit infin 
Time: 1 


0.17316 Max 
013468 
0.11544 
0.096199 
0.07696 


[4] Maximum 
tensile strain. | 


[3] Maximum 
shear stress. —> 


a g « g 

ype Minimum Principal Elastic Strain 
Unit infin 

Time. 1 


0 Max 
-0.019225 


i —| -003845 
[5] Maximum -0.057674 
compressive 


-0 076899 
° -0.096124 
strain. | 


-011535 
-0 13457 


-0.17302 Min 


A: Static Structural 
ype Ear Elastic strain(xY Component) 
Unit: in/in 
Global Coordinate System 
Time 1 


0.11154 Max 
0.076765 
0041992 

0 0072188 
-0.027554 
-0.062327 


-0.097101 


-0.13187 


[6] Maximum 


shear strain. el 
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Graph 


Animation 


I ee 20 Frames ~ 2Sec(Auto) »* 


[7] Animate the 
results. | 


Details of "Force Reaction” 


=| Definition 
Type Fouwce Reaction — 
Location Method 
Bouadaay Condition | Displacement __ [9] Select 
— Displacement. | 
@ Suppwessed, 
=|| Options 
Probe Result Selection ¥ Asas O 
Disley Tie 
Results 


— Value Ovex Time 
Yes] 
=| Minimum Value Ovex Time 
7 


Information 


[8] With Solution 
highlighted, insert a Probe/ 
Force Reaction. 7 


, —e 


[12] For a plane strain problem, Workbench 
assumes a unit depth (i.e., in this case, one inch). 
Therefore the force unit should be read Ibf/in 
(rather than Ibf). # 


[11] A force 
history curve. > 


Graph 


Animation J¢ > {M] 1 (Z)Q) 20 Fram 


~ 2Sec (Auto) -» 


0.4 -7.0668e-002 


~4.0808e-2 0.7 -0.11459 
; 0.7525 -0.12804 
0.805 -0.34942 
— 2 

= . 0.8575 -0.71464 

= 0.93625 -1.2486 

r 4.1679 

4.1679 
0 0125 025 0375 «OS 0625 075 0875 1. 


[s] 
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14.3.6 Create a Force-versus-Displacement Chart 


‘gi Project 
=| [gs] Model (A4) 
+) A Geometry 
alae * Coordinate Systems 
+ J Connections 
JB Mesh 
==] Static Structural (AS) 
yin Analysis Settings 
JP, Frictionless Support 
Ja, Fixed Support 
"a 0 
=|--/g§a] Solution (A6) 
AN Solution Information 
J&B Maximum Principal Stress 
J&B Minimum Principal Stress 
Am Shear Stress 
JB Maximum Prinapal Elastic Strain 
J&B Minimum Principal Elastic Strain 
ASB Shear Elastic Strain 


YON vce reaction 


[2] Click to bring up Apply/Cancel 
buttons and control-select Static 
Structural/Displacement and 
Solution/Force Reaction. — 


Details of “Chart” 
(-]| Definition 

Outhne Selection 2 Objects C) 
(=]| Chart Coatrols 

Dihewren_O 

Plot Style Both 

Scale Linesx 

Guidlines Both O 
(=| Axis Labels 

X-Axis Displacement O 

ea : 
)| Repost 

Content Chart And Tabulax Data, 

Caption 
|| Input Quaatites 

Tine Om 0 

Displacement CY) X Asas 
=]| Output Quantities 

[A] Fouwe Reaction CY) | Display 

a 


i: 


Wrap Up 
[5] Save the project and exit Workbench. # 
% ee 


[FF Commands (@)images~ 


Cicomment [Section Plane 


«4 Chart > Annotation 


i \ 
[I] Click Chart. / 
re 


| nn. 
[3] A force-versus-displacement 
curve. Note that the force unit 

should be read Ibf/in (instead of Ibf; 
also see 14.3.5[12], last page). | 


mi, 


085 -08 -0.7 0.6 -0.5 04 03 -0.17 


Displacement [in] 


[4] This curve is plotted using only 8 points since the model is 


solved with 8 substeps (see 14.3.5[12], last page). To obtain more 
data points for a more smooth curve, you may need to change the 
settings in Analysis Settings. — 
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Section 14.4 


Review 


14.4.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Elastic Material 9. ( — ) Nonlinear Materials 

2. ( _ ) Hardening Rules 10.( +) Plastic Materials 

3. ( ) Hyperelastic Materials ll.( —) Rate-Dependent Materials 
4. (_ ) Kinematic Hardening [2.(  ) Subsequent Yield Surface 
5. ( _ ) Initial Yield Point 13.( ) Time-Dependent Materials 
6. ( __) Initial Yield Surface |4.( __) Von Mises Yield Surface 

7. (___ ) Isometric Hardening I5.( _) Yield Surface 

8. ( _ ) Linear Materials 

Answers: 


l(B) 2(M) 3.(G) 4(N) 5 (H) 6(K) 72(0) & (A) 9(E) IO(F ) 
I(D) IZ(L ) 130°C) 140) ) 151) 


List of Descriptions 


(A) A material that has a linear stress-strain relation and can be described by Hooke's law. In this book, a linear 
material also implies elasticity, time-independent, and rate-independent. 


(B ) Materials in which the strain returns to its original state when the stress is removed. 


(C) Also called viscous materials. If you apply a constant stress on the materials, the occurrence of strain is time- 
dependent. The strain typically increases with time and stabilizes to a constant value after a period of time. This behavior 
is called creeping. On the other hand, if you apply a constant strain on the materials, the occurrence of stress is also 
time-dependent. The stress typically decreases with time and stabilizes to a constant value after a period of time. This 
behavior is called stress-relaxation. 


(D) Materials in which the stress-strain relation is such that the magnitude of stress depends on not only the 
magnitude of strain but also the rate of the strain, and vice versa. 
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( E ) In this book, all materials that are not described by Hooke's law are categorized as nonlinear materials. 


(F ) Materials that exhibit plasticity behavior, which is characterized by strain that does not return to its original state 
after the stress is removed. Rather, residual strain, or plastic strain, remains. 


(G) Materials that remain elastic under a very large strain. 

(H) In plasticity, yield point may change. Stress at the elastic limit is called the initial yield point. 

(1 ) Ina uniaxial test, yielding occurs at certain stress values; they are called yield points. In 3D cases, yielding occurs 
at certain stress states; these stress states form a "surface" (or hyper-surface) in the multiaxial stress space. The surface 


is called a yield surface. During stressing, the yield surface may change in size as well as location. 


(J ) Different yield criterion results in different yield surface. If von Mises yield criterion is used, the yield surface is a 
cylindrical surface in the o, -o, -o, space. 


(K_) In plasticity, yield surface may change in size as well as location during stressing. The original yield surface before 
any yielding occurs (i.e., the behavior is still elastic) is called the initial yield surface. 


(L ) In plasticity, during stressing, yield surface may change in size as well as location. All possible yield surfaces except 
the initial yield surface are called the subsequent yield surfaces. 


(M) Rules that describe how yield surface changes its size and location. 
(N) The yield surface changes only the location but not the size. 


(O) The yield surface changes only the size but not the location. 


14.4.2 Additional Workbench Exercises 


Model the Belleville Washer as a 2D Problem 


In Section 14.2, we modeled the Belleville washer as a surface body and meshed it with shell elements. It is possible to 
model it as a 2D problem and mesh it with 2D axisymmetric solid elements. Do it and draw the pros and cons for both 
modeling methods. 


Pneumatic Finger 


Replace the material of the pneumatic finger, simulated in Section 9.1, with the rubber used in the Section 14.3. Redo the 
simulation for the pneumatic finger. 
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Chapter I5 


Explicit Dynamics 


Many transient dynamic simulations require extremely small integration time steps, for example, high-speed impact, drop 
test, or highly nonlinear problems. In such cases, the time steps may be as small as a few nanoseconds, and the use of 
Transient Structural analysis system becomes impractical, since the run time would be too enormous. The 
integration method used in Transient Structural analysis system is an implicit method. 

Explicit Dynamics analysis system also deals with transient structural dynamics; however, it uses an explicit 
integration method. The explicit method is very efficient for each time step. It thus allows a large number of time steps to 
calculate within an acceptable time. A characteristic of explicit methods is that the integration time steps must be very 
small (e.g., microseconds or nanoseconds) in order to achieve stable solutions. If the dynamic behavior must be 
observed within a long duration (say, several seconds), then many millions of time steps are required to complete the 
simulation. In these situations, high-performance computing facilities are usually used to facilitate the computations. 


Purpose of This Chapter 


This chapter provides the basics of explicit dynamics so that the students have enough background knowledge to 
perform some simple explicit dynamics simulations. A high-speed impact simulation and a drop test simulation are used 
to demonstrate the applications of Explicit Dynamics. 


About Each Section 


Section 15.1 provides the basics of explicit dynamics. Section |5.2 presents a high-speed impact example and Section 
15.3 presents a drop test simulation. Both examples are simple yet instructional. We use default settings as much as 
possible, so that the students can appreciate the built-in capabilities of Explicit Dynamics. 
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Section 15.I 


Basics of Explicit Dynamics 


4 jate 
element ie 
¢ update 
$s density. 
[5] Calculate 
element seresses 


[5.1.1 Implicit Integration Methods 


[1] As mentioned, transient dynamic simulations involve solving the equation, 


[M|{o}+[c {>} +|K {>} = {F} Copy of Eq. 12.1.4(1), page 426 


Consider a typical time step att. Let D ,D.,and D_ be the displacement, velocity, and acceleration att,andD__,D__,and 
D_ att, Also, let At=t,,—t,. We temporarily assume that the acceleration is linear over the time step (ie., 
D, =D __, = 0), then, by Taylor series expansions att, 

2 


; ‘ ss AY « 
D = D_ a AtD 7 > Pr 


» AP. Ae wo 
D.,=D +AtD. +6, +, 


The quantity D_ can be approximated by 


Substitution of Eq. (3) into Eqs. (1) and (2) respectively yields 


‘ ’ At ; =: és 
Di - D, + 5 (By. + B,) 


r iP is 
D_,=D,+AtD +ar( 46,448, 
n n n \ 6 nt: 3 n 


Eqs. (4) and (5) can be regarded as a special case of Newmark methods, 


D,,, =D, + At| yD,,, +(1- 7), | 
; [ ws ” 
D,,, =D, + AtD, += At? | 28D,,, + (I- 2B)b, | 


If you substitute y = |/2 and B =1/6 into Eqs. (6) and (7) respectively, you will come up with Eqs. (4) and (5). 

Eqs. (6) and (7) are used in Transient Structural analysis system. The parameters y and B are chosen to 
control characteristics of the algorithm such as accuracy, numerical stability, etc. It is called an implicit method because 
the calculation of D andD requires knowledge of D .. That is, the response at the current time step depends on not 
only the historical information but also the current information; therefore, solving Eqs. (6) and (7) involves iterative 
process. | | 
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[2] Calculation of the response at time t__, is 
depicted in [3-8]. In the beginning [3], the 
displacement D , velocity D , and acceleration D. 
of the last step are already known (For n = 0, 
we may assume D, = 0). Since D_,, is needed in 
Eqs. (6) and (7), we use Das an initial guess of 
D_, KnowingD ,D ,andD__, the quantities D__ 
and D__can be calculated according to Eqs. (6) 
and (7) [4]. The next step [5] is to substitute 
D,D_,,andD__ into Eq. 12.1.4(1). If Eq. 
|2.1.4(1) is satisfied [6], then the calculation of 
the response at time t__ is complete [7]; 
otherwise,D is updated and another iteration 
is initiated [8]. Update of D__ [8] is similar to 
the Newton-Raphson method described in 
13.1.4, page 472. 

With implicit methods, integration time 
step is typically about milliseconds; a typical 
simulation time is about 0.1 to 10 seconds, 
which requires hundreds to ten-thousands of 
integration time steps. 

Implicit methods can be used for most 
transient structural simulations. However, for 
highly nonlinear problems, it often fails due to 
convergence issues; for high-speed impact 
problems, the integration time is so small that 
the computing time becomes intolerable. In 
such cases, explicit methods are more 
applicable. 7 


[3] Given the response of the 
last step,D ,D ,andD . UseD 
as an initial guess of D 


[4] CalculateD andp , 
according to Eqs. (6) and (7). 


[5] SubstituteD ,D_,andD |, 


[8] Update D, .. # into Eq. 12.1.4(I). 


[6] Eq. 
12.1.4(1) 
satisfied? 


[7] Response of the "current" 
step becomes that of the “last 
step." 


15.1.2 Explicit Integration Methods 


[1] The explicit method used in Explicit Dynamics analysis system is based on half-step central differences 


n—-t 


D -_ 
= = or D =D + DB At (1) 


D D , 
7, OF Di = D, + D At (2) 


Eqs. (1) and (2) are called explicit methods because the calculation of dD. and D | requires knowledge of historical 
information only. That is, the response at the current time can be calculated explicitly; no iterations within a time step 
are needed. Therefore, it is very efficient to complete a time step, also called a cycle. One of the distinct characteristics 
of the explicit method is that its integration time step needs to be very small to achieve a stable solution. | | 
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[2] The procedure used in the Explicit Dynamics analysis system is illustrated in [3-11]. In the beginning of a cycle 
[3-4], the displacement D_ and velocity D of the last cycle are already known. With this information, we can calculate 
the strain and strain rate for each element [5], using the relations such as Eqs. |.3.2(2) (page 36) and 1.2.7(1) (page 31). 
The volume change for each element is then calculated, according to the equations of state, and the mass density is 
updated [6]. The volumetric information is needed for the calculation of stresses. With this information, the element 
stresses can be calculated [7] according to a relation between stresses and strains/strain rates, such as Eq. |.2.8(1), page 
31. The stresses are integrated over the elements, and the external loads are added to form the nodal forces F [8]. 
The nodal accelerations are then calculated [9] using 


. -&- 
bp =-24°? (3) 


n 


ae 


where b is the body force (Eq. |.2.6(2), page 30), m is the nodal mass, and p is the mass density. The nodal velocities at 
a are calculated [10] using Eq. (I) and the nodal displacements att are calculated [11] using Eq. (2). 

With explicit methods, a typical integration time step is about nanoseconds to microseconds; a typical simulation 
time is about | millisecond to | second, which will need many thousands or millions of cycles. 

Explicit methods are useful for high-speed impact problems and highly nonlinear problems. For low-speed 
problems, where the durations are usually long, using explicit methods becomes impractical due to an enormous 
computing time, since it requires very small integration time steps. | 


[3] Given the initial 
conditions, D,and 
D,: Set n = 0. 


[4] D and D are 
known. 


[11] Calculate nodal 


displacements D _. [5] Calculate 
; das element strains and 
This completes a cycle. 

strain rates. 


Setn=nt+l.# 


[6] Calculate 
[10] Calculate element volume 


nodal velocity D_. changes and update 
ma their mass density. 


[9] Calculate nodal [7] Calculate 
accelerations p . element stresses. 
n 


[8] Calculate nodal 
forces. 
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[5.1.3 Solution Accuracy 


[!] In Transient Structural, in which an implicit method is used, convergence criteria are used to control the 
solution accuracy, similar to the Newton-Raphson method described in 13.1.4, page 472. Equilibrium iterations imply 
that force balance must be satisfied. In Explicit Dynamics, since no equilibrium iterations are involved, solution 
accuracy is not controlled with convergence criteria. Instead, it uses the principle of conservation of energy to monitor 
the solution accuracy. It calculates overall energy at each cycle. If the energy error (to be defined) reaches a threshold, 
the solution is regarded as unstable and stops. The default threshold is 10% of a reference energy [2]. Energy statistics 
can be viewed by selecting Energy Conservation in Solution Output [3-4]. 

At any time, Current Energy of the system can be calculated, including its kinetic energy and strain energy. The 
principle of work and energy, a form of the principle of conservation of energy, states 


(Reference Energy) + (Work Done) = (Current Energy) (1) 


Reference— Current 


Where Reference Energy is the total energy of a reference time, default to the initial time. Energy Error is defined by 


Current Energy )-(Reference Energy) - (Work Done 
Energy Frror = \ sy ) ( fe sy ) ( Vctarencani@iovent (2) if 


max ( Current Energy|, |Reference Energy|, Kinetic Energy 


[2] lf Maximum Energy Error reaches a 
threshold, the solution is regarded as ~~ 
unstable and stops. The default threshold is oe 


Solution Information 
0.1 (10% of a reference energy). | Mp Total bchormaton 


(A Equivalent Stes 
J Equivalent Plastic Strain 
MG, User Defined Resut 


Reference Enexgy Cycle 


Details of "Analysis Settings” 
=| Analysis Settings Prefereace 

Type Program Contolled 
=| Step Coatrols 


0 


Initial Time Step Programm Contolled [3] Energy Statistics can be =| Solution Information 
Minimum Time Step Progoam Contolled viewed by selecting Energy Solution Output 
Maximum Time Step | Paogzam Contolled Conservation in Update Tied a 
Time Step Safety Factor [09 Solution Output. | Display Points All 
Chaxactenstc Dimension Diagonals s : 
Avtornatic Mass Scaling No Display Filter Dunng Solve | Yes 
—se— Tota! Energy —e— Reference Energy —e— Work Don —e— Energy Er 
33.35 == 7 

Biss. [4] The red curve is the energy error. In 

by : . 

Bd ao this case, the energy error begins to 

as accumulate and is approaching the 


” threshold, 10% of the reference energy. # 


} 
wa WO, 2 ar se Ve s= 


Cycles 


Ee 
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[5.1.4 Integration Time Steps 


[1] With explicit methods, the integration time step needs to be small enough to ensure stability and accuracy of the 
solution. How small should the time step be? The German mathematicians, Courant, Friedrichs, and LewylRets |. 21, 
suggested that, in a single time step At, a wave should not travel further than the smallest element size; i.e., 

h 


At<— (I) 
C 


where h is the smallest element size, c is the wave speed in the element. Eq. (I) is called the CFL condition. In Explicit 


Dynamics, a safety factor f is used to further ensure the solution stability [2-3]; i.e., 
h 
At<f- (2) 
C 
When generating meshes for Explicit Dynamics, you should make sure that a few very small elements do not 


control the time step, which is calculated according to the CFL condition. In general, a uniform mesh size is desirable in 
Explicit Dynamics simulations. \, 


Details of “Analysis Settings” ; 
-|| Analysis Settings Preference 


jap tenis: = [3] Workbench uses time step 
=| Step Com 
Rasue Mom Croke To according to Eq. (2). # 
Maxirum NumberofCycles | let 07 
End Tirre 5 eM s 


Measarrnumn Enexzy Enox 0.1 
Reference Enexzy Cycle 0 
Minirrurn Tirre Step Progyarn Controlled 


[2] Time Step Safety Factor is 
used to further ensure the solution 
stability. It defaults to 0.9. 7 


Measarnumn Tine Step Progvamm Controlled 


Chesactenstc Dirnension Diagonals 
Automatic Mass Scaling | No 


——<_ 
15.1.5 Automatic Mass Scaling 


Details of "Analysis Sethngs” 


(=]| Analysis Settings Preference 


— Type Custom 
[|] The wave speed in a material is ¢ = yE/ p,where E is the Young's [Step Coatols 
‘ ° : _ Resurmm From Cycle 0 
modulus and p is the mass density of the material. Further, p= m/ V, neces aa 
where m is the mass and V is the volume of an element. Substitution Ead Time 5 els 
. : Mecamum Enexgy Enor 0.1 
of these into Eq. 15.1.4(2) yields Relewnre Eegy Cycle = 
[ Initial Time Step Program Contolled 
At < fh m (1) Minimum Time Step Program Contolled 
~~ = VE Masamum Time Step Program Contolled 
Time Step Safety Factor 09 


The idea of mass scaling is to artificially increase the mass of small 
elements, so that the stability time step can be increased. Mass scaling 


is applied only to those elements which have a calculated stability time een — 
step less than a specified value, default to |e-20 sec [2], which is to Update Frequency 0 


Automatic Mass Sceling 
Minimum CFL Time Step 


ensure that no mass scaling takes place. If a mesh contains very few 
small elements, this idea can be useful. Note that mass scaling changes 
the inertial properties of the model. Be careful to ensure that the 
model remains valid for the physical problem. > 


[2] Automatic Mass 


Scaling can be turned on. # 


@Seismicisolation 


576 Chapter 15 Explicit Dynamics 


15.1.6 Static Damping 


[1] Explicit Dynamics is designed for solving transient 
dynamic problems. To solve a static problem, we may perform a 


transient dynamic analysis and find the steady-state solution. 
Static Damping option [2] is to facilitate the finding of the 
steady-state solution. The idea is to introduce a damping force, 


Details of "Analysis Settings” 


to critically damp the lowest mode of oscillation. a eee 
e a . + Pp on 
The value of Static Damping for critical damping of the | Solver Caateols 
lowest mode of vibration is (| Baler Domain Contiols 
=]| Damping Controls 
Linear Artificial Viscosity 0.2 
_ 2fAt (1) Quadvatic Axtificial Viscosity | 1. 
| + 27f At Lineax Viscosity in Expansion | No 
Hourglass Damping 
where f is the lowest frequency of the system. oc 
Static Damping 


Using the critical damping may minimize simulation run time. 
lf Static Damping is larger than the critical damping, the 
solution would take unnecessarily longer time (than critical 
damping) to reach a steady state. On the other hand, if Static 
Damping is smaller than the critical damping, the solution [2] Static Damping 
would oscillate unnecessarily many times to reach a steady state. option can be used to solve 

For some highly-nonlinear static problems that fail with a static problem. # 
Static Structural analysis system, you may want to try this 
idea. > 


References 
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“y A: Explictt Dynamics 

Equrvelent Stress 
Type Equrvelent (von-Mises) Stress - Top/Bottom 
Unet Pe 
Time 5 0051e-008 

O Cycle Number 977 

2.8e8 Max 
. 


2507e8 
2.21468 
1920008 
1.6279e8 
1.3349e8 
1.041968 


High-Speed Impact = 


1.628187 Min 


[5.2.1 About the High-Speed Impact Simulation 


[1] Imagine that, during an explosion, an aluminum pipe blasts away under the explosive pressure, hits a solid steel 
column, deforms, and is finally torn to fragments due to excessive strain (see snapshots below). In this section, we will 
simulate this scenario. We will use the default settings as much as possible to demonstrate that a complicated 
simulation like this can be done in Explicit Dynamic analysis system with just a few input data. 

Both the aluminum pipe and the steel solid column have a diameter of 50 mm and a length of 200 mm. The steel 
column is modeled as a rigid body fixed in space. The aluminum pipe has a thickness of | mm and, right before hitting 
the pipe, has a speed of 300 m/s, about the speed of sound in the air. The aluminum is modeled as a bilinear isotropic 
plasticity material (Section 14.1) using the material parameters stored in Engineering Data with a modification that 
the tangent modulus is set to zero; i.e., the aluminum is modeled as a perfectly elastic-plastic material. It is assumed 
that the aluminum will be torn apart when the plastic strain is larger than 75%. 

Millimeter will be used to create the geometry and the SI unit systems will be used in the simulation. # 


Time =0s Time = 0.0002 s 


Ri HEBER 
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Time = 0.0003 s Time = 0.0005 s 
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15.2.2 Start Up 


TH Launch Workbench. Create an A nn. 
Explicit Dynamics analysis system by i [2] Double-click 
double-clicking it in Toolbox. Save the 2 @ Engineering Data ~ Engineering eee = 
prepare material 
project as Impact. —> 3 @ Geometry a properties. # 
4 @ Model T » 
5 @@ Setup T 
6 @& Solution " 4 
7 @ Results 7 4 


Explicit Dynamics 


>: 


[5.2.3 Prepare Material Properties for Aluminum 


[1] Click to switch to 
Engineering Data Sources. | 


eri —== | : * 2 
LL TT) ‘ ‘ 5 
Data Source Z Location Description 
| |= Favorites Quick access list and default items | 
@ General Materials | ii 1] ial | General use material samples for use in various analyses. 
| 4} | | | ‘a a= tc | tl la | General use material samples for use in non-inear analyses. —] 
x a Explicit Materials = | roe Material samples cs use in an explict anaylsis. | 
prelastic Materials ro Material stress-strain aes, samples for curve fitting. 


[4] Click Engineering Data }esc5+ cues 
Sources again to return to 
Engineering Data. | eters 


Ne —————— to acd ane Dr al ; TTD 


outline of General Non-inear Materials —_ 7 yw Q xX 
Contents of General Non-inear Materials = 


Source Description 
= Material 
General aluminum alioy. Fatigue properties come from 
%® Aluminum Alloy NL ( =|» = General Materials Non-inear.xml | MIL-HDBK-5H, page 3-277. 


4— 


rve samples specific for use ina magnetic analysis. 


| [2] Click General Non-linear | | 
. trial samples specific for use in a thermal analysis. 
Materials. | 


nal Materials 


; rial samples specific for use in a fluid analysis. 


General Materials Non-inear.xml | acwe ppy Code, Section 8, Div 2, Table 5-110.1 


+e 4 


[3] Click this plus sign to add 
Aluminum Alloy NL to 
Engineering Data. { 


% —— 


a) 
U 


General Materials Non-inear .xml 


4 % Concrete NL J — _General Materials Non-linear. =i 
5 ® Copper Alloy NL ff | | tz “General Materials Non-inear. xml | — | 
6 [ 2 Gasket Linear Unloading | eh = General Materials Non-linear .xml |. 
7 | 2® Gasket Non Linear Up” Ading | oP | Se General Materials Non-inear.xml 
8 % Magnesium Alloy i oP = General Materials Noninear.xml [ 
—_— — — = Ganeral Materials Nondinear.sanl 
es 2 ) Fatigue Data at zero mean stress comes from 1993 
SP | 


e.! 
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Jutine of Schematic A2: Engineering Data 


~ ax 


a 
c 


Physical Properties 


Linear Elastic Contents of Engineering Data 
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[5, 7] Highlight 9 x 
Aluminum Alloy NL. . 
| 2 : 


Description 


H] Hyperelastic Experimental Data : = Material 
5 . | 
| a Hyperelastic || = General aluminum alloy. Fatigue properties 
| %® Aluminum Afoy NL CY G- | General Materials Non-inear xml come from MIL-HDBK-SH, page 3-277. 
a Plasticity 
'f Strenath Fatigue Data at zero mean stress comes from 
8 7 % Structural Steel |} General_Materials.xml 1998 ASME BPV Code, Section 8, Div 2, Table 
Thermal | 5-110.1 
¥ —— ——— = — i 
| @ Brittle/Granular i il 
| Equations of State ' ~— — 
Properties of Outhne Row 3: Aluminum Alloy NL ~ Q 
| Porosity — — _ 
fo Failure” _— —_= — e — — ano 
me Plastic StrainFailure © Peapeny bei me _ i 
A Principal Stress Failure 2 2 Material Field Variables | Table 
J] Principal Strain Failure 3 a Density 2770 [kgm | 
| Stochastic Failure 4 . = fa Isotropic Elasticity | 
o —_—__—} + _ ' 
i dew 5 Sol 5 Derive from Young's Modulus and Poisson's Ratio hal | 
oe AS Sescemngrayore = “Young's Modulus 7.1E+10 Pa 
$4 Johnson Cook Faikve : = = 033 : a | 
2) Grady SpaliFailure = ml = 5 dnl | | 
pa = ; 7 Bulk Modulus _ §.9608E +10 Pa 
a Custom Material Modes _ mi _—ow et 
- 3 Shear Modulus re. 6692E +10 Pa 
(=) a Bilinear Isotropic Hardening * 
oe SE SRESDELSSPREESSESEASSESSESESRSSESOSS aeeseeresesesesesenes “+ . ~ 1 
11 Yield | Strength 2.8E +08 Pa 
12 | Tangent Modulus 0 oe Pa 
13 ay Specific Heat 875 j }kg*- -1C*-1 | 
i4 Ox Plastic Strain Failure 
6} Maximum Equivalent Plastic f fain EPS 0.75 © 
_ — 


[8] Expand Failure and 
double-click Plastic 

Strain Failure to include 

this failure criterion. > 


[10] Highlight 
Bilinear Isotropic 
Hardening. | 


Chart of Properties Row 9: Bilinear Isotropic Harden unm. 


x 


2.5 


a 2 
2 
7: 15 
0 [1 1] The stress-strain curve for 
5 3 Aluminum Alloy NL. — 
w 

0.5 


0.015 


0 0.005 0.01 0.02 


Strain [mM m~*-1] 


[9] Expand Plastic Strain 


—— 


[6] Expand Bilinear 
Isotropic Hardening 
and type 0 for Tangent 
Modulus. Note that the 

default unit system 
(Metric) is used here. 


Failure and type 0.75 for 
Maximum Equivalent 
Plastic Strain EPS. — 


ee; 


| ~ Project | 


[12] Return to Project 
Schematic. # 
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[5.2.4 Create Geometry 


[1] Start up 


DesignModeler. | 


a 
Explicit Dynamics 


xX 
2 @ EngineeringData Y 


3 |@ Geometry : 

4 @ Model T @ 

5 az) Setup -— a 

6 &® Solution car, [2] Select Millimeter as the 

7 @ Results F 4 length unit. In ZXPlane, draw 
cigdidiitinnaniies a circle of diameter 50 mm. | 

| ee 


[4] This is the 
steel column. / 


[3] Extrude the sketch 100 mm 
symmetrically both sides. 7 


FDI, Dep GO |iDwm OO 
asTinuteor? [No 


Geometry Selectioa: 1 


& Generate 
[5] In XY Plane, draw a 
S x: circle of diameter 50 mm 
like this. Remember to 
Peta: Vew specify a horizontal 


|| Details of Extrede2 distance of 50 mm. | 


Extrude2 
Geome Shetch2 \ 
Opexation Add Matenel 
Duection Both - Symmetac C 

i ? Yes C 
0 mm C 


FD3, Outwexd Thickness (>=0) | 0 mim C 
2 
seek 


[6] Extrude the sketch to 
create a surface body. | 


[7] This is the aluminum 


Vs i 
pipe. Close 
~/ Generate DesignModeler. # 
| | 
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15.2.5 Set Up for Simulation 


a 
1 \. Explict Dynamics 

2 @ EngineeringData “ i 
3 Gi) Geometry 


? system. —> 
6 @& Solution T uw 
7 @ Results T 3 
Explicit Dynamics 

fj] Project 
=} [gi] Model (A4) 

=| ABM Geometry 

Hy @ Solid 


[4] Highlight 


Ah merges Surface Body. | 


yok Coordinate Systems 
2 Connections 
J&B Mesh 
& > (pve Explicit Dynamics (A5) 
+) Jt Initial Conditions 

a/N Analysis Settings 
=) a Solution (A6) 

wd] Solution Information 


i | 


| 


Details of “Surface Body” 
Graphics Properties 
]| Definition 
Wa 
Stiffhess Behavior Flesable 
Coondinate System Default Coordinate System 


By Bivicnren 


[6] Select Aluminum 
Alloy NL. /7 
‘ Py 


[|] Start up Mechanical. 
Select the m-kKg-N-<s unit 


[5] Type 0.001 (m) for 
Thickness. | 


% 


# 
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[2] Highlight 
Solid. | 


| Project Mang 
=. (| Model(aa) | | 
=) Geometry \ 
+) @ Solid O 
7 Ry Surface Body 
[+ yom Coordinate Systems 
94% Connections 
Mesh 
=) (0) Explicit Dynamics (AS) 
+) Jiadl Initial Conditions 
24\ Analysis Settings 
=| 7G] Solution (A6) 
49 Solution Information 


Details of "Solid" i é 
[+]| Graphics Properties 
(=)| Definition 
Somer (N 
Stiffness Behavior Rigid C v 
Refezence Ternperatwe | By Environment 
Reference Frame Lagrangian 
[=| Matexial 
Assignment Stwctwal Steel [| | 
Bowing Bo i 
Pooper — 


Statistics 


[3] Select Rigid for 
Stiffness Behavior. — 


————__§_-~, 


[7] Right-click Contact 
Region and select 
Delete. | 


Project 
S Model (A4) 
=|) AR Geometry 
Fy &@ Solid > 
y & Surface Body 
cs ta, Coordinate Systems 
= tse) Connections 
=|] Contacts 


2 t Contact Region £@, 


[=| -> (Dv Explicit Dynan [2 suppres 
+ Jel Initial Conc Disable Transparency 
97% Analysis Sel Y Hide All Other Bodies 
Sa Solution ( Flip Contact/Target 
49 Soluti (Search Connections for Duplicate Pairs 
= Save Contact Region Settings 
6 Load Contact Resion Settings 
2) Reset to Default 


Ed) Promote to Named Selection 
E22 Duplicate 


By Copy 
% Cut 


afb Rename (F2) 
alb Rename Based on Definition 


Cj Group (Ctrl+ G) 
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fl) Project 
=| [Bl Model (A4) 
=| Geometry 
+ @ Solid 
y a Surface Body 
#2 Coordinate Systems 
=| 8B Connections 
J@i Contacts 
=| IE Body Interactions 
yet Body Interaction 
v5 Mesh 
=| Di] Explicit Dynamics (A5) 
+ Ja Initial Conditions 
2/,\ Analysis Settings 
=|--7G] Solution (A6) 
9 Solution Information 


( ‘ 
[8] Highlight Body 
Interactions (the 
one with an "s") to 
view the details and 

leave all settings their 


defaults. > 
\ / 


(fa] Project 
=) [| Model (A4) 
= Jf Geometry 
Hy @ Solid 
y By Surface Body 
+ am Coordinate Systems 
=| 8B Connections 
/@ Contacts 
=| JHE Body Interactions 
3-6 Body Interaction 
HD Mesh 
= > DY Explicit Dynamics (A5) 
+ Jal Initial Conditions 
2/\ Analysis Settings 
=|?) Solution (A6) 
¥) Solution Information 


a 
[9] Highlight Body 
Interaction (the 
one without an "s") 
to view the details 
and leave all settings 

their default. | 

mK 


Details of “Body Interactions” 


letails of “Body Intersction” F. . q 


]| Advanced =]| Scope 
Contact Detection Trajectory Scoping Method | Geometry Selection 
Formulation | Penalty Geometry All Bodies 


Shiding Contact Discrete Surface =]| Definition 

Shell Thickness Fac tox | 0. Type Factionless 
Nodal Shell Thickness 

Body Self Contact Program Contoolled 

[Element Self Contact | Program Contolled 
Tolerance 0.2 


GN 


Contacts vs. Body Interactions? 


[10] Body Interactions is to specify contacts between bodies while 
Contacts is to specify contacts between surfaces. You can choose 
either way to specify the contact relations. Body Interactions is 
simpler, but Contacts may be more computationally efficient. By 


=| Display 


default, Frictionless body interactions are established among all 


Display Style Use Geometry Setting 7 
stants bodies. 
Riese = A feature of Body Interactions is that two bodies can be 
Element Size Default (1.6148e-002 m) specified as both Bonded and Frictionless (or Frictional). In that 
=| Sizing . eee : 
(ee Adaptive Sting = case, two bodies are bonded initially. After the bond breaks during the 
Se simulation, the frictionless (or frictional) contact will take place. / 
Max Size Default (1.6148e-002 m 
Mesh Defeaturing Yes 
Defeature Size Default (8.0742e-005 m) 
Capture Curvature Yes . ° 
Curvature Min Size Default (1.6148e-004 m) [| I] Highlight Mesh and type 
| Curvature Normal Angle Bl 10 (degrees) for Curvature 
a — ae Normal Angle. This divides a 
Average Surface Area 1.6689e-002 m# circle into 36 elements. 
Minimum Edge Length 0.15708 m Generate mesh. | 
=| Quality XK / 
Check Mesh Quality Yes, Errors 
Target Quality Default (0.050000) 
Smoothing High 
Mesh Metric Skewness 
Min 4.5121e-006 
Max 0.43419 
Average 0.11476 
Standard Deviation 9.1233e-002 
+ Inflation 
+) Advanced 
=| Statistics 
Nodes 13226 
Elements 12310 


[12] In explicit dynamics, a uniform mesh 
is desirable (15.1.4[1], page 575). | 
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— 


0 Gd TOL 


Velocity Angular Dro 
Q Velocity Height 


 Project* . \ | 
=} (8 Model (A4) ——____——— + 
-/&@ Geometry ; 
2x8 oo [14] Click 
x Surface Body e 
AS Materials Velocity. | 
Hy 2k Coordinate Systems Mi 
E-yfe! Connections 
Jf) Contacts 
=~ EI Body Interactions 
Jil Body Interaction a 
JD Mesh ¢ : 
) »[® Explicit Dynamics (A5) [! 3] Highlight 
=~ ig] Inibal Conditions Initial 
vito Pre-Stress (None) eae 
OS Conditions. { 
2 Hi] Analysis Settings ee 
=) 7(§) Solution (A6) 
#05 Solution Information 
Details of “Veiocity’ ~§O0% 
or 
=| Scope 
Scoping Method Geometry Selection [ | 5] Select the 
aaeney Lpay surface body 
=) Definition | ° . 
input Type Velocity (a uminum pipe), 


Pre-Stress Environment | None Available 


using body filter. 7 


Analysis Settings Preference 
Type 

Step Controls 

Number Of Steps 

Current Step Number 
Load Step Type 

End Time 

Resume From Cycle 
Maximum Number of Cycles 
Maximum Energy Error 
Reference Energy Cycle 
Initial Time Step 
Minimum Time Step 
Maximum Time Step 
Time Step Safety Factor 
Characteristic Dimension 
Automatic Mass Scaling 
Solver Controls 

Euler Domain Controls 
Damping Controls 
Erosion Controls 

On Geometric Strain Limit 


Geometric Strain Limit 
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fE 

[16] Highlight Analysis 
Settings. Type 0.0005 (s) 
for End Time. | 


\ 
Program = 


7 
1 

Explicit Time Integaation 
5-004 s O 


r 
: 


le+07 

0.1 

0 

Program Controlled 
Program Controlled 
Program Controlled 
0.9 

Diagonals 

No 


Yes 
1.5 
Yes 


On Minimum Element Time Step | No 
Retain Inertia of Eroded Material | Yes 


- +) Output Controls 
Define By Components O Se +) Analysis Data Management 
Coordinate System Global Coordinate System 
300. m/s O ty 
Y Component 0. m/s ‘ 
ZComponent __|0. m/s [17] Turn on On Material 
Suppressed No Failure (see [18]). | 


Erosion ControlslRef !] 


[18] Erosion Controls in Analysis Settings determines the conditions under which an element will be removed. 
The default condition is that an element is removed when its geometric strain, or effective strainlRef 'l, exceeds a limit of 
150%. This value is large enough to assure that no elements are removed by default. 

In this case, we add another failure condition: an element is removed when its plastic strain exceeds 75% (see [17] 
and 15.2.3[9], page 579). | 


'” ; 
@ Fixed O———— [19] Insert a Fixed [20] Select the solid body 
Ge [ Support. — (the steel column). . | 
Support 


8 Displacement 


Structural Details of "Fixed Support” i 
E]| Scope 
a= Pa Scoping Method | Geometry Selection 


Geometry 1 Body C) 
=]| Definition 
No 
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=|] Solution (A6) ee 
41] Solution Information [21] Insert result objects E 2 
fae tate ametion like this. Note that the last [23] Highlight Solution 
acinar object is a User Defined Information. | 


£@ Equivalent Plastic Strain 
JB, User Defined Result Result ((22]; also see 
3.3.10[1-2], page 148). | 


Details of "User Defined Result” 


=| Scope =)--\ga] Solution (A6) 
Scoping Method Geometry Selection (9) Solution Information 
Geomety All Bodies £&B Total Deformation 


Layex J&B Equivalent Stress 

[Layer | Entive Section a . ee 
: [22] Highlight User 7 

Defined Result and type “Solution Informa 

EFF_STN (without an Solxtion Information 
: equal sign). It is to evaluate 
eS geometric strain, or effective a ee 

3 strainIRet 7 [Display Points fal 

j 


Coowdinate System Globel Cooudinate System 


Calculate Time History | Yes 


Identifier 

Suppressed No 
+]| Integration Point Results 
+]| Results 25 
+)| Information 


Solve 
—_—_—_———E 


Cycle: 963, Time: 4.933E£-O4s, Time Inc.: $.135E-07s, Progress: &.66%, Est. Clock Time Remaining: Os 
Cycle: 964, Time: 4.938E-04s, Time Inc.: 5.135E-07s, Progress: 98.77%, Est. Clock Time Remaining: 0s 
Cycle: 965, Time: 4.943E-04s, Time Inc.: §.135E-07s, Progress: 9&.&7%, Est. Clock Time Remaining: Os 
Cycle: 966, Time: 4.949E-04s, Time Inc.: 5.135E-07s, Progress: &€.97%, Est. Clock Time Remaining: 0s 
Cycle: 967, Time: 4.9S4E-04s, Time Inc.: §.135E-07s, Progress: 99.07%, Est. Clock Time Remaining: Os 
Cycle: 968, Time: 4.959E-04s, Time Inc.: 5.13S5E-07s, Progress: 99.18%, Est. Clock Time Remaining: 0s 
Cycle: 969, Time: 4.964E-04s, Time Inc.: 5.134E-07s, Progress: 99.28%, Est. Clock Time Remaining: 0s 
Cycle: 70, Time: 4.969E-04s, Time Inc.: 5.134E-07s, Progress: 99.38%, Est. Clock Time Remaining: 0s 
Cycle: 971, Time: 4.974E-04s, Time Inc.: 5.134E-07s, Progress: 99.49%, Est. Clock Time Remaining: Qs 
Cycle: 72, Time: 4.979£-04s, Time Inc.: 5.134E-07s, Progress: 99.59%, Est. Clock Time Remaining: 0s 
Cycle: 973, Time: 4.98SE-04s, Time Inc.: 5.134E-07s, Progress: 99.69%, Est. Clock Time Remaining: 0s 
Cycle: 74, Time: 4.990E-04s, Time Inc.: 5.134E-07s, Progress: 99.79%, Est. Clock Time Remaining: 0s 
Cycle: 975, Time: 4.99S5E-04s, Time Inc.: 5.134E-07s, Progress: 99.90%, Est. Clock Time Remaining: 0s 
Cycle: 976, Time: S.Q00E-04s, Time Inc.: §.134E-07s, Progress: 100.00%, Est. Clock Time Remaining: 0s 
977, Time: 5$.00S5E-04s, [Tame Inc.: $.134E-07s, Progress: 100.00%, Est. Clock Time Remaining: - 


[25] It takes about 1000 cycles to 
complete the simulation. # 
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15.2.6 Animate the Deformation 


Boe “context 
File | Home Result 
_e oo 
+ |" 
Duplicate Q Solve = Analysis 
Outline Solvers . 
Outline 
Name a 
Jl Project* 


vik Coordinate Systems 
ve Connections 
/® Mesh 


a, 
PQ Materials 
ft 
ica] 


ty) 


2 Jia) Initial Conditions 


/10 Pre-Stress (None) 


te Velodty 
v HA Analysis Settings 
y®, Fixed Support 
=) Solution (A6) 


§3) Solution Information 
/® Total Deformation 
J® Equivalent Stress 
J® Equivalent Plastic Strain 
/@ User Defined Result 


Details of “Total Deformation” ~f3Ox 
=| Scope A 
Scoping Method Geometry Selection 
Geometry All Bodies 
=| Definition . 
Type Total Deformation 
By Time 
Display Time Last 
Cakulate Time History | Yes 
Identifier | 
Suppressed No 
=) Results 


Minimum om 


VIM Explicit Dynamics (AS) 


[!] Highlight Total 
Deformation. — 


- Dynamics - Mechanical [ANSYS Academic Teaching Introcucto 

Display Selection 
& F (@ images ~ 1.0 (True Scale) . ee 

Cicom [Section Plane Scoped Bodies - 

* eomet 
ach & Annotation ¥ Large Vertex Contours a 
Insert 
~4oO™x 


Explicit Dynamics 

tal Deformation 

ype: Total Deformation 
Unit: m 

Time: 5.0051 e-004 
Cycle Number: 977 


0.16256 Max 
0.1445 
012644 
0.10838 
0.090314 
0.072251 
0.054188 
0.036126 
0.018063 

0 Min 


aphics Annotations Graph 


[5] Click Play. # 


[4] Select Result Sets. — 


[2] Select Contours/ 


Q (Ole & (SC -}+ QQQAQ select RModee- FT HHHREB 
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Solid Fill. | 


- 6 Xx 
AB oO 
[zd Probe > zi EB 
= Maximum 
Vector Cap Views 


& Minimum Display~ Isosurface~ 


& (HiClipboard- < 


Tabular Data ~f0*x 
Time [5] fe Minimum [m] | A 
1.1755e-038 0. 

2.5511¢e-005 
5.0086¢-005 
7.5152e-005 
1.0003e-004 
1.253e-004 
1.5002e-004 
1.7518e-004 
2.0034¢e-004 
2.2505¢-004 
2.5025¢e-004 


‘ogee geo090000 


% 


[3] Select 10 Sec. — 


Re A S&S —= 
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15.2.7 View Numerical Results 


A: Explicit Dynamics 
[Equivalent Stress 
“Type Equivalent (von-Mises) Stress - Top/Bottom 
Unit: Pa 
Time: 5.0051 e-004 
Cycle Number: 977 


[1] Select Contours/ 
Smooth Contours 
and examine the results. 

2.8e8 Max 


2.507e8 - 
a | 2.214e8 Setar 
1.9209e8 . ‘ 
1.6279e8 . 
1.3349e8 
1.0419e8 
7 4885e7 ‘ 
4.5583e7 
1.6281e7 Min 


Contours 


A: Explicit Dynamics 
Equivalent Plastic Strain 
ype. Equrvelent Plastic Strain - Top/Bottom 


Unit: m/m 
Time 5 0051e-004 
Cycle Number 977 


1.0365 Max 
0.9213 
0.80614 
0.69097 = 
0.57581 
0.46065 
0.34549 
0.23032 . : amics 
ve 6 User Defined Resu 
Expression: EFF_STN 
ime. 5.0051 e- 004 
Cycle Number. 977 
0.83351 Max 
0.74089 
0.64828 
0.55567 
0.46306 aie 
0.37045 ; 
0.27784 
0.18522 
0.092612 . 
0 Min 
_——————— a Se © 


Wrap Up 
[2] Save the project and exit Workbench. # 


ie 


Reference 


|. All Help>Mechanical Application>Explicit Dynamics Analysis Guide>Explicit Dynamics Theory Guide>Analysis 
Settings>Erosion Controls 
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Section 15.3 


Drop Test 


[5.3.1 About the Drop Test Simulation 


[|] Drop test simulation is a special case of impact simulation, in which one of the impacting objects is a stationary 
floor, typically made of concrete, steel, or stone. In this section, we consider a scenario that a mobile phone falls out of 
your pocket and drops on a concrete floor. This kind of simulation typically takes hours of computing time. We 
learned from Section 15.2 that a typical integration time step in Explicit Dynamics is 10’ tol0™® seconds. It would 
take about 100,000 to 1,000,000 cycles to complete a 0.01 seconds drop test. In this section, we will simplify the 
model to minimize the run time. A more realistic model will be suggested and left as an exercise (15.4.2, page 600). 


The phone body is a shell of thickness 0.5 mm and made of an aluminum alloy [2]. The concrete floor is modeled 
as an 160 mm x 80 mm x 10 mm block [3]. When the phone hits the floor, its velocity is 5 m/s, which is equivalent to a 
free fall from a height of 1.25 m. We will assume that the phone body forms an angle of 20° with the horizon when it 
hits the floor. 


We will use mm-kg-N-s unit system in the simulation. | 


R20 


[2] The phone body 
is made of an 
aluminum alloy. | 


120 


[3] The concrete floor can be modeled 
Unit: mm. with arbitrary sizes; we will use 160 mm 
60 x 80 mm x 10 mm. # 
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15.3.2 Start Up 


a 


[1] Launch Workbench. Create an Explicit Dynamics analysis system by double-clicking 
it in Toolbox. Save the project as Drop. | 


[2] Double-click Engineering 
Data to prepare material 
properties. | 


— 


[3] Click to switch to 
Engineering Data Sources. | 


a vr "| t 


Engineering Data Sources . 
SE Sa 
[4] Highlight General Non-linear 


: 
1 | DataSource || Location || Materials. | 


2 sy Favorites 


” 


<°| General use material samples for use in various 


3 @ General Materials analyses. 


| 


[iid Generainendnesr ates Z a | ee material samples for use in non-inear 

5 | ww Explicit Materials a | | Material samples for use in an explicit anaylsis. 

- i Hyperelastic Materials a iat | Material stress-strain data samples for curve fitting. 

7 | @@ Magnetic B+ Curves a a | ae — 

8 | Thermal Materials fal "| [5] Click to add Aluminum Alloy NL 
9 | Fhid materials | to Engineering Data. | 

s [AS Le eee ee 


General aluminum alloy. Fatigue 
properties come from MIL-HDBK-5H, 
page 3-277. 


General Materials Non-inear.xm! 


% Concrete NL ” General Materials Non-inear.xml 
eS Copper Alloy NL General Materials Non-inear.xm! 
. Gasket Linear 
6 2% Unloading | F 
: Qy GasketNNon Linear | 3, [6] Click to add Concrete NL to 
a Unloading | Engineering Data. — = 
[7] Return to 3 8} Magnesium Alloy NL_| Sis = ce 
Project 3 ®® Stainless Steel NL op = General Materials Non-inear.xml 
Schematic. # : . Fatigue Data at zero mean stress 
‘, 10 &® Structural SteelNL | sp = General Materials Nondinear.xml | comes from 1998 ASME BPV Code, 
Section 8, Div 2, Table 5-110.1 
11 ®® Titanium Alloy NL op | | General Materials Non-inear.xm! | 
{ : : } 
|_2 Project | 
| | 
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[5.3.3 Create Geometry 


[I] Start up DesignModeler. | 


vr 7 
‘ \. Explidt Dynamics 


2 @ EngineeringData 5s 


\ 


4 @ Model T . [2] Select Millimeter as the length 
5 @ setup = unit. On XYPlane, draw a sketch 


= like this. The sketch is Symmetric 120 


6 | G@ Souton i about the Y-axis and the bottom 
7 @ Results P 4 edge is Coincident with the X- 
Explicit Dynamics axis. (To make all the edges blue, add 
a Coincident between the bottom 
a edge and the X-axis.) | 


[0 


[3] Extrude the 
sketch to create the 
phone body. , | 


i 


FD1, Depth 0) | 10 mm O 
As Thin/Suface? No 
Mexge Topology? Yes 
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[4] In ¥YZPlane, draw a rectangle 
using Rectangle by 3 Points 
tool. Specify dimensions, including 

the angle. Note that the rectangle is 

not blue-colored yet. | 


[5] Impose a constraint so that the origin is 
Coincident with an edge of the rectangle as 
shown. When you select the origin, you may need 
to turn off the edge filter and leave the point filter 
on. Also specify the dimension (20 mm) using the 
Length/Distance tool. | 


CER E Uea) 


es 60 ; oe i 


Opeatin 
FDL, DephOO|Omm 


[6] Extrude the 
sketch 40 mm both 
sides to create a 
concrete block. el 


E) 


¥ Generate 
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Details Yiew 


| Details of Thinl 
SEE 


[8] Select Bodies Only. | 


Thinl 


¢ Inwaxd 
FD1, Thickness @=0) [|Ornm O 


FD2, ree Offset @=0) |O mm [9] Select the phone 
Preserve Bodies? No body. L 


"8 ElB 
qHLE 
3° 


Y Generate 


| 


[10] After clicking Generate, you 
don't see any changes by appearance, 
but the phone body has become a 
surface body. | 


.g| A: Explicit Dynamics 


| naa /B Thinl 
GG 2 Parts, 2 Bodies 


E)~ a) A: Explicit Dynamics 
El >t. E¥Plene 
: ~~ 2) Sketch! 
oY bf. ZEP lane 
= od - z. V¥7Plene 
: ye Sketch? 
i v ( Extrdel 


- [@ Thin 

a (Ga 2 Parts, 2 Bodies 
[1 1] Rename the bodies. ~~ [l Phone 
Close DesignModeler. # a 
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15.3.4 Set Up for Simulation 


fr \ 


[2] Highlight 
Phone. | 


\, 
(| Project | 
=| [ga] Model (A4) | 


=| ABM Geometry | 
y&y Phone O 
+) & Floor 
+ yak Coordinate Systems 
f+) AB Connections 
Aca) Mesh 
=p /DYN) Explicit Dynamics (A5) 
+] pal Initial Conditions 
2/\ Analysis Settings 
= Solution (A6) 
9) Solution Information 


Details of "Phone” 


bd 


5 @ Setup ¥ 


SS 
im \. Explicit Dynamics 

2 @ EngineeringData ~ F 
= DM) Geometry 


[1] Start up Mechanical. 
Select the mm-kg-N-s 


unit system. <— 
6 @q Solution  . a 
7 | @ Results F a 


Explicit Dynamics 


| [4] Highlight 
Floor. | 
gl Project . 
=} [gp] Model (A4) | | 
=| AM Geometry 
y Ba Phone 
[+ y @ Floor © 


oe >. Coordinate Systems 
+) ABB Connections 
J&B Mesh 
=|) DY] Explicit Dynamics (A5) 
ca J Initial Conditions 


Graphics Properties 9/% Analysis Settings 
E)| Definition = » Solution {A6é 
Suppuessed No 
Stiffness Behavior | Flexible ————* [5] Select Rigid and assign 
Cooudinate System _| Default Cooudinate System Details of "Floor" the material. / 
Refesence Ternperstwe | By Environment [3] Type 0.5 (mm) for Graphics Properties 
Thickness 0.5 mm Thickness and =] Definition | 
Thickness Mode Manval assign the material. 7 Supruessed No 7 
Ofiet Tyre | Mil Rig a 
=]| Matexial By Environment 
Asagniment Aluminum AlloyNL © »> | Lagrangian 
Bowading Box [-]| Matenal 
Properties Assignment Concrete NL O >| 
Statisies 
| CAD Attribates 
DMSheet Thickness 0 | 
Ne — ggg 
Project 
2 = Model (A4) 
Se =| ARB Geometry 
hon 
kK Coordinate System z ve nai 


‘ 
[6] With Coordinate 
Systems in the project tree 
highlighted, click 


Coordinate System. — 
\ 


= ok Coordinate Systems 
yok Global Coordinate System 


[+] JG Connections 
8B Mesh 
=]-2[0ti] Explicit Dynamics (A5) 
+] / gal Initial Conditions 
2/\ Analysis Settings 
-|-9|@] Solution (A6) 
«(§] Solution Information 


initial velocity. | | 
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[7] A Coordinate System 
is created. This coordinate 


>. BSS oO— system will be used to specify 
the earth gravity and the 


Section 153 Drop Test 593 


ye \ 


Details of “Coordinate System™ ‘3 a [8] Choose any edge parallel to the 

=| Demeter | | thickness direction of the concrete block (as 
Type — | shown in [9-10]) to define the Z-axis. | 
Suppwessed No 

| Origin 
Define By Global Coondinates ©) 
Ongin X 0. mim 
Oigin¥ [OL mm [| 1] Choose any edge parallel to the 
OdginZ [Om longest direction of the concrete block (as 


Location Click to Change 


shown in [12-13]) to define the Y-axis. | 
| Pxincipal Axis 


jas O 
Define By Geometry Selection O 
Geomety Click to Change ae 


[14] Make sure the newly 


Onieatation Abort Principal Axis . 
=| Oxiea ipal created coordinate 


acs fo) Sens a 
Define By ——_—(| Geometry Selection © system is like this. \, 
Geomety Click toChange CO 


Directional Vectors 

(=]| Transformations 
Base Configuration Absolute 
Transformed. Configuration | [ 0001] 


— 
[9] Choose this edge 
to define the Z-axis. 
Make sure the arrow 
points upward. <— 


[12] Choose this edge 
to define the Y-axis. 
Make sure the arrow 
points rightward. <— 


[10, 13] You may need to click this 
button so that the arrow points tc 
the correct direction. 7 7 


[15] This is the 
Details of "Mesh" a global coordinate 
Display system. <— 
Display Style Use Geometry Setting 
-| Defaults 
Physics Preference | Explicit 


[16] Set the 
element size to 2 


: | mm (the default is 
Element Size 2.0mm 6.8 mm) and 


+) Sizing 
+) Quality 
+) Inflation 
+) Advanced 
-| Statistics 
Nodes 24292 
Elements | 20372 


Element Order Linear 


generate the 
mesh. || 


at 
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[17] With Explicit Dynamics 
highlighted, insert a Fixed 


@ Fixed 
Support. — 


a 


Be 


TTTt 
Supports 


a 


@ Displacement 
Structural 


> 


Inertial 


[19] Insert an Inertial/ 
Standard Earth 
Gravity. | 
a 


‘9 Project* 


[+ Geometry 


# 
cy 


cs 


(OS 


[20] Select Coordinate 
System, which was created in 
steps [6-14] (pages 592-593). | 


Define 


[21] -Z Direction is the 
default direction. 7 
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a Click Velocity. \, 


S ® Explicit Dynamics (AS) 


Pre-Stress Environment 


Coordinate System 


_—————. 
[18] Select the 
concrete body (using 
the body filter). 


\ 


Details of "Fixed Support” 


[=] Scope 
Scoping Method | Geometry Selection | 
‘Geometry 1 Body Oo | 
(-| Definition 
“Type | Fixed Support 
| Puppwessed | No : 
oo 2 & 
T=O Ws T=0} 


Velocity Angular Dro 
Velocity Height 
Conditiors 


[22] Highlight Initial 
Conditions. <— 


Model (A4) 


vta Materials 

vk Coordinate Systems 
yt) Connections 

SD Mesh 


[24] A Velocity is 
inserted. | 


=) Ji] Initial Conditions 


yi? Standard Earth Gravity 
J Fixed Support 
=| 9% Solution (A6) 
£03) Solution Information 


[25] Select the 
phone body. | 


Details of “Velocity” 
-|| Scope 
Scoping Method Geometry Selection 
Geometry 1 Body 
=| Definition 
Input Type Velocity ~*~ 


None Available 


[26] Select 
Coordinate 


By Components 


Coordinate System 


XComponent _|0. mm/s System, the same as 
i that used in [20]. | 
Suppressed No 
_ oS ——— -— ——— 


[27] Type -5000 (mm/s) 
for Z Component. |_| 
Ns J 
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{| Project 
| Sl Model (A4) 
- 4 4 
ee Jt Geometry 
= Analysis Settings Preference i) Phone 
Type Program Controlled a x 
-)| Step Controls = @ fee 
Number Of Steps 1 rr [-] yo Coordinate Systems 
Current Step Number 1 > Global Coordinate System 
Load Step Type Explicit Time Integration [28] With Analysis m Coordinate System 
1.€-003 5 Settings highlighted, type f~A@B Connections 
Resume From Cycle 0 0.001 (s) for End Time. \, J& Mesh 
Maximum Number of Cycles le+07 =| » (ove Explicit Dynamics (A5) 
Maximum Energy Error 0.1 Ss tl Initial Conditions 
Reference Energy Cycle 0 


/12® Pre-Stress (None) 


initial Time Step = ' 
Yue Velocity 


Program Controlled 


Minimum Time Step Program Controlled 


Maximum Time Step Program Controlled Jin Analysis Settings 

Time Step Safety Factor 0.9 a Fixed Support | 
Characteristic Dimension Diagonals Solan ABj Standard Earth Gravity 
Automatic Mass Scaling No S Sl Solution (A6) 


+) Solver Controls 

+) Euler Domain Controls 

+ Damping Controls 

+) Erosion Controls 

+) Output Controls 

+) Analysis Data Management 


/| #] Solution Information 


/ 


[30] Highlight Solution 
Information and solve 


ee ———___—aem mg the model. | [29] Insert a Total Deformation 
and an Equivalent Stress. — 
\ 
Cycle: 8009, Time: 9.984E-04s, Time Inc.: 1.247E-07s, Progress: 99.84%, Est. Clock Time Remaining: Os 
Cycle: 2010, Time: 9.98SE-04s, Time Inc.: 1.247E-07s, Progress: 99.85%, Est. Clock Time Remaining: 0s 
Cycle: £011, Time: 9.986E-04s, Time Inc.: 1.247E-07s, Progress: 99.86%, Est. Clock Time Remaining: Os 
Cycle: 8012, Time: 9.987E-04s, Time Inc.: 1.247E-07s, Progress: 99.87%, Est. Clock Time Remaining: Os 
Cycle: £013, Time: 9.989E-04s, Time Inc.: 1.247E-07s, Progress: 9$9.&9%, Est. Clock Time Remaining: Os 
Cycle: 8014, Time: 9.990E-04s, Time Inc.: 1.247E-07s, Progress: 99.90%, Est. Clock Time Remaining: Os 
Cycle: £015, Time: 9.991E-04s, Time Inc.: 1.247E-07s, Progress: 99.91%, Est. Clock Time Remaining: 0s 
Cycle: £016, Time: 9.992E-04s, Time Inc.: 1.247E-07s, Progress: 99.92%, Est. Clock Time Remaining: 0s 
Cycle: £017, Time: 9.994E-04s, Time Inc.: 1.247E-07s, Progress: 99.94%, Est. Clock Time Remaining: 0s 
Cycle: £018, Time: 9.99S5E-04s, Time Inc.: 1.247E-07s, Progress: 99.95%, Est. Clock Time Remaining: Os 
Cycle: £019, Time: 9.996E-O4s, Time Inc.: 1.247E-07s, Progress: 99.96%, Est. Clock Time Remaining: 0s 
Cycle: £020, Time: 9.997E-04s, Time Inc.: 1.247E-07s, Progress: 99.97%, Est. Clock Time Remaining: 0s 
Cycle: 8021, Time: 9.999E-04s, Time Inc.: 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: 022, Time: 1.000E-03s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: 0s 
Cycle: 8023, Time: 1.000E-03s, Time Inc.: 100.00%, Est. Clock Time Remaining: - 


1.247E-07s, |Progress: 


[31] Each cycle increases 
about 0.125 microseconds. | 


Integration Time Steps 


[32] In this case, the integration time step is about 0.125 microseconds. This number, proportional to the size of the 
smallest element, controls the overall run time (15.1.4, page 575). In Explicit Dynamics, a mesh of uniform 
element size is the most efficient mesh. 


Perform Simulation Incrementally 


A drop test simulation typically takes hours of computing time. If you make a mistake, it will waste a significant 
amount of time. As a good practice, always perform the simulation incrementally. In this case, we perform a 0.001 
seconds simulation first to see if anything goes wrong. If everything is okay, then we can continue the simulation 
starting from the last cycle. This feature is called the Restart of the simulation. # 
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15.3.5 View the Results 


te | {) ¥ Context A: Explicit Dynamics - Mechanical [ANSYS Academic Teaching Introductory) = ‘cl m< 
} File | Home Result Display Selection Automation ~oB Oo 
a x 3 A. (@ Images ~ 1.0 (True Scale) ’ e =| [BB Probe = = eS 
33 Cicomment ([JBSection Plane ‘Soped Bodies - = Maximum 
Duplicat Solve = Analysis Contours Ed Vecto Capped View 
sy ate Q } as ‘ qa Chart 9 Annatation v Large Vertex Contours =z ‘ - : BS Minimum Display Koskdecee ‘ 
Outline Solver, Insert Display 
Outline y FOX QaQ ‘8 & "a [Cl QQ QQ Select KModee FT HHHBAB &? [Bi Clipboard~- > 
Name ” Wie 
ll Project* A: Explicit Dynamics 
a ® tel (A4) Total Deformation 
= Type: Tatal Deformation 
B}— i Geometry Te 
e3) vB Materiats Time: 1.0001 e-003 
Hy 2% Coordinate Systems Cycle Number: 8023 
Bf) Connections 
/® Mesh 8.2108 Max 
=) YIM Explicit Dynamics (AS) 7.2985 
ga] Initial Conditions 6.3861 
VE Analysis Settings 5.4738 
v® Standard Earth Gravity 4.5615 Zz 
va, Fixed Support 3.6492 
=) /&® Solution (A6) 2.7369 Y 
yCo) Solution Information 1.8246 
/®@ Total Deformaton 0.91231 
® Equivalent Stress 0 Min 
Details of "Total Deformation” ~ fox Tabular Data ~ 20x 
= Scope A 2Sec (Auto) ~! & © ry ban | Time [s] iv Minimum [mm] A 
Scoping Method Geometry Selection 1_|1.1755e-038 0. 
: . le- “i 
Geometry All Bodies - 1.0001e-3 2 |5.0095e-005 0. 
7 3 |1.0011e-004 0. 
=| Definition E = 
Type Total Deformation a 2 i : 
> | 2.0002e-004 0. 
ee Rime 6 |25004e-004 0. 
Display Time Last 7 |3.0005e-004 0. 
Calculate Time History | Yes 8 a O. mr 
Identifier w” ‘ ction information = a ARAN. AA OA . 


[!] Highlight Total Deformation 
and animate the results. The results 7 

look reasonable. Let's extend the 
simulation time. | 


Details of "Analysis Settings” 


=| Analysis Settings Preference 


= Analysis Settings Preference 


Type Program Controlled Type Program Controlled 
-| Step Controls =) Step Controls 

Number Of Steps 1 Number Of Steps 1 

Current Step Number 1 Current Step Number 1 


Load Step Type 
End Time 


Explicit Time Integration 
1.e-003 s 


Load Step Type Explicit Time Integration 


enctine 


+ 


+ 


+ 


+ 


+ 


+ 


Resume From Cycle 8023 
Maximum Number of Cycles Maximum Number of Cycles | 1e+07 
Maximum Energy Error Maximum Energy Error 0.1 
Reference Energy Cycle Reference Energy Cycle 0 


Initial Time Step 


‘Minimum Time Step 
Maximum Time Step 


Time Step Safety Factor 
Characteristic Dimension 


Automatic Mass Scaling 
Solver Controls 

Euler Domain Controls 
Damping Controls 
Erosion Controls 
Output Controls 
Analysis Data Management 


Diagonals 


No 


[2] With Analysis 
Settings highlighted, select 
the last cycle for Resume 

From Cycle. — 


Initial Time Step 
Minimum Time Step 
Maximum Time Step 
Time Step Safety Factor 
Characteristic Dimension 
Automatic Mass Scaling 

+) Solver Controls 

+) Euler Domain Controls 

+), Damping Controls 

+) Erosion Controls 

+ Output Controls 


+ Analysis Data Management 


Program Controlle 


[3] Type 0.01 (s) for 
End Time. J 


a 
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—_—— a? 


[4] Highlight Solution 
Information and solve again. 


Solve It takes a while. | 
Pd 
~~ 
Cycle: £0168, Time: 9.998E-03s, Time Inc.: 1.247E-07s, Progress: 99.98%, Est. Clock Time Remaining: 0s 
Cycle: £0169, Time: 9.998E-03s, Time Inc.: 1.247E-07s, Progress: 99.98%, Est. Clock Time Remaining: 0s 
Cycle: 80170, Time: 9.999£-03s, Time Inc 1.247E-07s, Progress: 99.98%, Est. Clock Time Remaining: 0s 
Cycle: £0171, Time: 9.999E-03s, Time Inc 1.247E-07s, ress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: £0172, Time: 9.999E-03s, Time Inc 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: £0173, Time: 9.999£-03s, Time Inc 1.247E-O07s, Progress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: 80174, Time: 9.999E-03s, Time Inc.: 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: £0175, Time: 9.999E-03s, Time Inc.: 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: Qs 
Cycle: 80176, Time: 9.999E-03s, Time Inc.: 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: 0s 
Cycle: 80177, Time: 9.999E-03s, Time Inc.: 1.247E-07s, Progress: 99.99%, Est. Clock Time Remaining: Os 
Cycle: 80178, Time: 1.Q000E-02s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: 0s 
Cycle: £0179, Time: 1.000E-02s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: Qs 
Cycle: £0180, Time: 1.000E-02s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: 0s 
Cycle: €0181, Time: 1.Q000E-02s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: Os 
Cycle: 80182, Time: 1.Q000E-02s, Time Inc.: 1.247E-07s, Progress: 100.00%, Est. Clock Time Remaining: - 
A: Explicit Dynamics 
Total Deformation 
Type: Total Deformation 
Unit: mm 
Time: 1.e-002 
Cycle Number: 80182 
18.936 Max 
16.832 
| 14.728 
| 12.624 
10.52 
| 8416 
6.312 Z 
4.208 
2.104 Y 
0 Min 
rat an ema Tabular Data 7~80*x 
2Sec (Auto) ~ BF = = * Time [s] [¥ Minimum [mm] LA 


1 11755e-N38 O 


[5] Highlight Total 
Deformation and 
animate the results. el 
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r : 
e.a 


= Solution Information 


[6] With Solution 
Information highlighted, 
select Energy Conservation 
in the details view. | 


Energy Conservation 
Update Interval 255 


Display Points All 
Display Filter During Solve Yes 


Ne 


—*?e— Total Energy ——#—— Reference Energy ——e— Work Done —@—_ Energy Error 


295.15 


250. 


Energy (mJ) 
—_ tv 
ra 8 


8 


50. 


-6.1387 


1.25e-3 


5.e-3 6.25e-3 


9.999e-3 
Time (s) 


[7] The energy error (6.1387 mJ) is about 


2% of the total energy (295.15 mJ), far less 
than the threshold. The default threshold 
is 10% (15.1.3[2], page 574). | 


Wrap Up 


[8] Save the project and exit Workbench. # 
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Section 15.4 


Review 


15.4.1 Keywords 


Choose a letter for each keyword, from the list of descriptions 


|. ( — ) Automatic Mass Scaling 

2. ( — ) CFL Condition 

3. ( ) Energy Error 

4. ( _ ) Explicit Method 

5. ( _ ) Implicit Method 

6. ( __) Principle of Work and Energy 
7. (__ ) Static Damping 

Answers: 


L(F) 2(&)3(D) 4(B)5(A) 6(C) 7(G) 


List of Descriptions 


(A) Atime integration method used in Transient Structural analysis system. It is so named because the method 
calculates the response in the present time using implicit information. It thus requires iterations for a time step, implying 
an expensive runtime for a time step. It, however, allows relatively large time steps. Overall, it is suitable for most 
transient simulations except high-speed or highly-nonlinear simulations. 


(B ) A time integration method used in Explicit Dynamics analysis system. It is so named because the method 
calculates the response in the present time using explicit information. It thus doesn't require iterations for a time step, 
implying an efficient runtime for a time step. It, however, requires very small time steps. Overall, it is suitable for high- 
speed or highly-nonlinear simulations. 


(CC) The principle of work and energy states that the energy at a reference time plus the work done from the 
reference time to a specific time is equal to the energy at that specific time. 
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(D) Explicit Dynamics uses this value to monitor the solution stability. If the energy error reaches a threshold, 
the solution is regarded as unstable and the computation stops. According to the principle of work and energy, the 
energy at a reference time plus the work done from the reference time to the present time is equal to the energy at the 
current time. If not equal, the difference is called an energy error. The energy error is further transformed into a 
dimensionless value by dividing using the maximum energy. 


(E ) Inasingle time step, a wave should not travel further than the smallest element size. This condition is used by 
Explicit Dynamics to determine the integration time step. 


(F ) The idea of mass scaling is to artificially increase the mass of some small elements, so that the stability time step is 
increased, to reduce the overall runtime. 


(G) Explicit Dynamics is primarily for solving transient dynamic problems. However, a steady-state solution may 
also be obtained by introducing a damping force to critically damp the lowest mode of oscillation. 


15.4.2 Additional Workbench Exercises 


Performing a More Realistic Drop Test 


As mentioned in 15.3.I[1] (page 587), to reduce the runtime, the model is over-simplified. In reality, the housing of a 
mobile phone may include a battery compartment. Include a slide-in battery in the model and perform a drop test to see 
if the battery will fall off upon impact with the floor. 
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Index 


2D, 112 

2D behavior, 1 13, 130, 451 

2D body, 111, 126 

2D graphics control, 72 

2D model, 15, 138, 140 

2D simulation, 15, 109, 112,569 
2D solid body, 38 

2D solid model, 15, 272 

3D 20-node elements, 34 

3D body, IT, 126 

3D feature, 197 

3D geometric modeling, |5 

3D line modeling, 15,272 

3D solid body, 37, 68 

3D solid element, 353 

3D surface body, 38, 238 

3D solid modeling, 172 

3D surface modeling, 15 

3D truss, 283, 379 

3D view, 68 

3D view sketching, |75 

abort a tool, 85 

ABS, 203 

ABS (PA-757), 23 | 

absolute displacement, 29 
Acceleration, |47 
acrylonitrile-butadiene-styrene, 203 
Activate/Deactivate at this step, 46 | 
active plane, 82 

active sketch, 68, 82 

Adaptive meshing, 229, 236 
Adaptive Multiple-Objective, 318 
Adaptive Single-Objective, 318, 325 
Add Frozen, | 28, 129, 193 

Add Material, 129 

addendum, 97 

Adjust to Touch, | 53 

advanced contact settings, 479 
All Quad, 162 

All-Hexa mesh, 228 

Allowable Change, 230 
Alternate Angle, 88 

Amplitude, 446 


analysis, |2 

Analysis Settings, |43, 460 

Analysis Systems, 12, 1 12,426 
Analysis Type, | 12 

Angle, 88 

angle unit, 7| 

animate, 18, 88 

anisotropic, 527 

ANSYS Parametric Design Language, 149 
APDL, 37, 47, 149, 170, 239, 248 
APDL verification manual, |7| 
Apply, 68 

Arc by 3 Points, 85 

Arc by Center, 73, 85 

Arc by Tangent, 85 

arrow, |98 

Asymmetric, 562 

Augmented Lagrange, | 31, 153,478 
Auto Constraints, 84, 90, 107 

Auto Time Stepping, 279, 338, 491 
automatic contact detection, 269 
Automatic Mass Scaling, 575, 599 
averaged stress, 160, 29 

AVI, 216 

axial load, 267 

axial stress, | 42 

axis of symmetry, |25, 136 
Axisymmetric, | 30 

axisymmetric body, 270 
axisymmetric condition, 142 
axisymmetric problem, | 42 

Bar, 157 

base circle, 98 

base feature, 200, 20 

Base Plane, | 20 

beam, 39 

beam bracket, 173, 210, 249, 383 
beam element, 271, 278, 282, 283, 310 
Beam Results/Axial Force, 292 
Beam Results/Bending Moment, 293 
Beam Results/Shear Force, 293 
Beam Results/Torsional Moment, 293 
Beam Tool, |48 
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602 Index 


BEAM 188, 39, 283 

Bearing Load, 146, 232, 236, 261, 265 
bearing support, 256 

beat, 414 

beat frequency, 416 


Behavior, 131,477 

Belleville, 537 

Belleville spring, 536 

Belleville washer, 536, 569 
bellows joint, 239 

bending stress, |5| 

beta damping, 435 

biaxial tensile test, 532, 553,554,555 
Bilinear Isotropic Hardening, 579 
bisection, 48 | 

black arrow, 198 

Blend, 201 

Blend/Fixed Radius, | 77 

blue color, 60, 66 

bode plot, 446 

body force, 30 

Body Interactions, 582 

body types, 37, 196 

Body View, | 30 

Bonded, 476 

Boolean, 195 

boundary condition, 17,47, 136 
boundary-value problems, 33, 34Box 
Select, 77 

Box Zoom, 64, 72, 83 

Bracket, 174, 210, 249, 384 
branch, 107 

brittle material, 40, 42, 47 
buckling, 20, 47, 367, 368 
buckling analysis, 380, 384 
buckling load, 365, 373, 374, 379 
buckling mode, 367 

buckling mode shape, 378 
Building, 296, 395, 44 | 

built-in unit systems, | 44 

bulk modulus, 220 

calculate strain, 444 

calculate stress, 444 

Candidate Points, 320, 321, 327 
Cantilever, 353 

Carry Over Time Step, 518 

cast iron, 40 

causes of structural nonlinearities, 470 
CD, 402 

cell, 12 

centrifugal stress, 404 

ceramics, 40 

CFL condition, 575, 599 
Chamfer, 86, 201 

change dimension name, 88 


change dimension value, 88 

Chart, 551 

chattering, 478 

Circle, 85 

Circle by 3 Tangents, 85 

circularity, 219,225 

click, 64 

click-sweep, 64 

Closed End, 71, 85 

coefficient of thermal expansion, 32, 283 
Coincident, 63, 89 

compact disk, 402 

Component Systems, 57 

Components, | 35 

Compression Only Support, 147, 232, 265 
Concentric, 90, 206 

Concept/Cross Section/I Section, 299 
Concept/Cross Section/L Section, 287, 398 
Concept/Cross Section/Rectangular, 275, 485 
Concept/Lines From Points, 286, 297, 298, 398, 484 
Concept/Split Edges, 450, 458, 483 
Concept/Surfaces From Edges, 301 
Concept/Surfaces From Sketches, I 11, 126 
conceptual model, |5 

consistent unit system, | 44 

constraint status, 60, 76, 107 

Constraints, 60, 65, 83, 89, 319 
Construction Geometry, 164 
Construction Point at Intersection, 85 
Contact, 131, 153,477 

contact body, | 33 

Contact Body View, 132 

contact element, | 33 

contact formulation, 477 

contact nonlinearity, 468, 470, 476, 524 
Contact Region, 130, 153 

contact stiffness, 525 

contact stress, |5| 

Contact Tool, 148 

Contact Tool/Pressure, 507 

Contact Tool/Status, 506 

contact type, 476 

Contact/Pressure, 505 

context menu, 63, 64, 74, 83, 107 
continuous selection, 64 

contour band, 229 

contour display, 228 
control-middle-click-drag, 64 

convergence criteria, | 37,338, 473 
convergence study, | 63, 244, 277, 282, 310, 353, 366 
convergence value, 473 

coordinate system, 1 19, 181,224, 228, 236 
Coordinates, | 52 

Coordinates File, 285 

Copies, | 94 
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Copy, 63, 86 

Copy Calculated Values to Property, 557 
Copy inputs to Current, 321, 328 

copy test data, 554 

Corner, 86 

Coulomb damping, 466 

Coulomb friction, 425 

Cover, 180, 219, 346 

Create Coordinate System, 224, 592 
Create Mode Shape Results, 377, 381, 396 
Create/Body Transformation/Mirror, 105 
Create/Body Transformation/Translate, 152, 298, 512 
Create/Boolean, 195 

Create/Pattern, 102, 194 
Create/Primitives/Sphere, 497 

creeping, 527 

critical damping, 466 

critical damping coefficient, 422 

critical load, 373 

critically damped, 422 

cross section, 275 

Cross Section Alignments, 276, 288, 300 
current design, 316, 321, 322 

current energy, 574 

current sketching plane, 59 

Cursor, 84 

Curvature Normal Angle, 582 

Curve Fitting, 557 

Cut, 85, 87 

Cut Material, 185, 186 

cylinder cover, 179, 219, 346 
Cylindrical, 224 

cylindrical coordinate system, 224, 246, 542 
Cylindrical Support, 147 

D, 314 

damped free vibration, 421,422 
damped natural angular frequency, 422 
damping, 423 

damping coefficient, 422, 423 

Damping Controls, 425 

damping effect, 2| 

damping force, 426 

damping matrix, 426 

damping mechanism, 423 

damping ratio, 422 

database, |8 

Date and Time, 229 

dedendum, 97 

Define By, 135 

definition of stress, 26 

deformed shape, 18 

degenerated element, 47 

degree of freedom, 35, 36, 47 

Delete, 85, | I | 

delete constraint, 90 


delete dimension, 89 

delete edge, 85 

Density, 403 

Depth, 68 

Design Exploration, | 1,317 
design point, 316, 329, 408 
design process, 31 | 

design space, 316, 329 

design variable, 312,316 
DesignModeler, | 1, 14, 47,57, 70 
DesignModeler GUI, 58, 81, 197 
DesignXplorer, 312 

Details of Mesh, 16 

Details View, 60, 66, 8| 
deviatoric energy, 44, 45 
deviatoric strain energy, 44 
deviatoric stress, 43, 44 
Diameter, 88 

Dimension Display, 61, 62 
dimension name, 6| 

dimension value, 61, 88 
Dimensions, 60, 66, 73, 83, 87 
direct integration method, 426 
Direct Optimization, 317, 325 
Direction Definition, 152 
Direction of surface body, 302 
Disk, 448 

disk and block, 448 
displacement, 24, 47 
Displacement, 146 
Displacement Convergence, 338, 473, 524 
displacement field, 24, 36, 160 
displacement scaling, 228 
Display, 61, 88 

Display Model, 127, 182 
Display Option, 158, 159, 291 
Display Plane, 68, 79, 100 
Display Values in Project Units, 313, 548 
divider, 229 

Drag, 86 

Draw, 63, 83, 84 

driving parameter, 314 

Drop, 588 

drop test, 587, 600 

dry friction, 425 

ductile material, 40, 42, 43, 44, 47 
Duplicate, 87, | 11, 118, 182 
Duplicate Selection, 182, 510 
dynamic behavior, 417 
dynamic effect, 2 | 

dynamic simulation, 21, 47 
earth gravity, 306 

edge, 82, 107 

edge selection, 302 

edge selection filter, 300 
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edge-to-surface contact, 264 
edges display, 228 

Edit, 88 

EFF_STN, 584 

effective strain, 583, 584 
effective stress, 46 

Eigenvalue Buckling, 375, 380, 384, 387 
elastic force, 426 

elastic hysteresis, 424 

elastic limit, 529 

elastic material, 424, 528, 568 
Elastic Support, | 47 

elasticity, 528 

elastomer, 10, | | 

element, 16, 35 


failure criterion, 19,40, 42, 47 
failure mode, 40 

failure point, 40 

Fatigue Tool, 148 

FE convergence, 157, 161 
feature-based 3D modeling, 200 
FEM procedure, 35 

File/Close DesignModeler, 69 
File/Exit, 69, 80 

File/Start Over, 83, 85 

Fillet, 67, 86, | 77 

filleted bar, 157 

Find Face Pairs, 250 

Finger, 33 | 

finite element, 16, 47 


finite element mesh, | 2, 16, | 7, 47 
finite element method, 16, 18, 33,35 
finite element model, |2, 16, 17, 18, 47 


element convergence study, | 70 
Element Order, 159, 168, 355 
Element Size, 123, 134, 154, 289, 330, 356 


element stress, 29 | first harmonic mode, 410 
element type, 37 first-order element, 37, 47 
Ellipse, 85 Fix Endpoints, 89 

End, 64 Fix Guide Line, 193 

End Release, 283, 310 Fixed, 60, 66, 89 

End selection/Place Offset, 77 Fixed Support, |7, 146 

End/Set Paste Handle, 74 Flexible, 99 

End/Use Plane Origin as Handle, 63 flexible gripper, 272, 312 
Energy Conservation, 574, 598 flexible spline, 87 

energy error, 574, 599 Flip Horizontal, 64 

Engineering Data, | 1, 12, 47, 211 Flip Surface Normal, 301, 302 
Engineering Data Sources, 262, 578, 588 Flood Area, 199 

Engineering Plastic, 220 Flood Blends, 199 

environment branch, 143 Force, 146 

environment condition, 16, 17, 24,47, 145, 170 Force Convergence, |37, 473, 490, 524 
Equal Distance, 90 force distribution, |35 

Equal Length, 72, 76, 90 force intensity, 25 

Equal Radius, 90 Force Reaction, 488, 521 

equal temperament, 414 Forced Frictional Sliding, 476 
equilibrium equation, 30, 33, 34 Fork, 191, 429 

equilibrium iteration, 456, 466, 471, 524 Form New Part, 303, 399 
equivalent strain, 46 Formulation, 131, 153,477 
equivalent stress, 46, | 18 fracture point, 40 

Erosion Controls, 583 fracture strength, 42 

ESC, 64, 85 free boundary, 47 

Explicit Dynamics, 427, 466, 571 Free Face Mesh Type, 162 
explicit integration method, 427,572 free rotation, 198 

explicit method, 21, 570, 573, 599 Free vibration, 22, 389, 417,421 
Export Video File, 216 Frequency, 392, 396 

Extend, 86 Frequency Response/Deformation, 444 


extend selection, 197, 199 Friction Coefficient, 131, 521 
Extend to Adjacent, 199 Frictional, 131,476, 521 
Extend to Limits, 199, 245 Frictionless, 476 


Extrude, 14, 15, 68, 79, 201 Frictionless Support, 125, 147 


face pair, 25| From Coordinates File, 285 
Facet Quality, 512 From Face, 185, 188 
Failure, 579 fundamental frequency, 393, 426 
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fundamental natural frequency, 393, 417, 426 
GA, 272, 281,312 

Gear, 99, I5| 

Gearbox, 256, 257, 390 

General, 60, 66, 87 

General Materials, 262, 303 

General Non-linear Materials, 578, 588 
Generate, 68 

Generate Mesh, 114, 133 

geometric advantage, 272, 312 
geometric model, |3 

geometric modeling, |5 

geometric strain, 583, 584 

Geometry, 57, 68 

geometry display, 228 

geometry modeler, 57 

geometry nonlinearity, 23, 448, 470, 524 
Global, 84 

global coordinate system, | 73 

Global Coordinates, 224 

global mesh control, 227, 330, 347 
governing equation, 16, 18, 30, 34, 47 
Graph, 143 

graphic user interface, | | 

graphics window, 81, 143 

gravitational acceleration, 25 

gravitational force, |7 

greenish-blue color, 67 

Grid, 9 

Gripper, 273, 313 

guitar string, 410, 456 

hardening rule, 529, 530, 568 

harmonic mix, 413 

harmonic mode, 413, 417 

harmonic response analysis, 427, 441, 443, 466 
harmonic response plot, 446, 447 
harmonic series, 413 

Henri Tresca, 42 

Hex Dominant, 340, 351 

hexahedron, 38, 362 

Hide Progress, 320 

Hide Sketch, |27 

high-speed impact, 467, 577 

higher-order 2D element, 366 
higher-order element, 37, 361 
higher-order hexahedron, 359, 361, 362, 364 
higher-order parallel prism, 360, 361, 363 
higher-order perpendicular prism, 360, 361, 363 
higher-order tetrahedron, 359, 361, 362, 364 
history of ANSYS, 51 

homogeneous, 24 

Hooke's law, 24, 31, 32 

hoop direction, 247 

hoop stress, 142, 286, 543, 552 
Horizontal, 63, 66, 88, 89 
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hydrostatic compressive test, 532 
Hydrostatic Pressure, | 46 
hydrostatic stress, 43, 44 
Hyperelastic Experimental Data, 554 
hyperelasticity, 19, 528, 532, 568 
hyperelasticity model, 535 

hysteresis elasticity, 528 

idealized stress-strain curve, 529 
Ignore Axis, 65 

Impact, 578 

implicit integration method, 427, 571 
implicit method, 21,570, 599 
imprint face, 498 

in-plane rotation, 278 

inconsistency, 76 

inconsistent unit system, 144, 170 
inertia effect, 2| 

inertia force, 24,426 

Inertial, 145, 147 
Inertial/Acceleration, 306 
Inertial/Rotational Velocity, 405 
Inertial/Standard Earth Gravity, 306, 594 
Initial Condition, 456, 461, 594 
Initial Time Step, 338, 435, 491 

initial yield point, 529, 568 

initial yield surface, 568 

input parameter, 316, 319, 324, 329 
insert a new object, 82 

insert APDL command, |49 

Insert as Design Point, 321, 327 
Insert Commands, | 49 
Insert/Convergence, 229 
Insert/Deformation/Total, 117, 136 
Insert/Force, 135 

Insert/Frictionless Support, 136 
Insert/Sizing, 134 
Insert/Stress/Equivalent (von-Mises), | 17 
Insert/Stress/Normal, 136 
integration time step, 575, 595 
Interface Treatment, 153, 479 
interpolating function, 36 

involute curve, 98, 99 

isometric view, 68, 79, 197, 198 
isotropic, 24 

Isotropic Elasticity, 12, 31,47, 211,220 
isotropic hardening, 531, 568 
isotropic material, 527 

iteration, 47 | 

Joint Load, 146 

just tuning system, 414 

kinematic hardening, 530, 568 

Label, 148 

Lagrange multiplier, 478 

Large Deflection, 23, 279, 338, 339, 470 
LCD, 190 
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LCD display support, 203, 23 
legend control, 229 

length unit, 58, 7| 

Length/Distance, 88 

lifting fork, 190, 429 

Line, 84 

line body, 15,271,295 

Line by 2 Tangents, 84 

line model, 271, 289 

line of action, 97, 98 

line of centers, 97, 98 

line of resonance, 409 

line search, 475, 522, 524 

Linear, 159, 355 

linear buckling analysis, 367 

linear buckling analysis with constant load, 388 
linear contact, 476 

linear elasticity, 528 

linear element, 37 

linear material, 526, 527, 568 

linear simulation, 49, 468, 486 
linear solution, 337, 494 

linear structure, 468, 524 
Linearized Stress, 148 

linearly elastic, 24, 31 

liquid crystal display, 190 

Load Multiplier, 377, 382, 386 

load step, 456, 471, 524 

Loads, |7, 145, 146 

Loads/Bearing Load, 265 
Loads/Force, 213 

Loads/Moment, |55 
Loads/Pressure, 305 

local coordinate system, 175, 274 
lofting guide line, 193 

Look At, 59, 64, 72, 182 

Lower Bound, 319, 326 
lower-order element, 37, 361 
lower-order hexahedron, 355, 361, 362, 364 
lower-order parallel prism, 361, 363 
lower-order perpendicular prism, 361, 363 
lower-order prism, 357, 358, 364 
lower-order tetrahedron, 356, 361, 362, 364 
lower-order triangular element, 159 
lower/upper bound, 319 

lumped mass model, 420, 466 
M20x2.5, 92 

magnitude, 145 

major diameter, 92 

Major Grid Spacing, 9 | 

Manual Input, 296 

Manual Source, 357 

Mass, 324 

Mass Coefficient, 425 

mass density, 25 


mass matrix, 426 

material assignment, | 13,212 
material damping, 424, 466 
material model, 19, 31 

material nonlinearity, 468, 470, 524 
material parameter, 31,526 
material property, 220 

material symmetry, 32 

Max Modes to Find, 376, 380, 391 
Max Refinement Loops, 230 
Maximum Energy Error, 574 
Maximum Equivalent Plastic Strain EPS, 579 
maximum normal stress, 41 
maximum principal stress, 4 
maximum shear stress, 41 
maximum shear stress criterion, 42 
Maximum Time Step, 338, 491 
measuring damping coefficient, 422 
Mechanical, | 1, 16, 49 

Mechanical GUI, 16, 18, 113, 142 
mechanical properties of PDMS, | | 
medium principal stress, 41, 43 
member force, 293 

member moment, 293 

Mesh, | 14 

mesh control, 159 

Mesh Control/Face Meshing, 43 | 
Mesh Control/Method, 217 

Mesh Control/Sizing, 167,514 
mesh count, 227 

mesh density, 218, 347 

Mesh Metric, 335, 347 

mesh quality, 335, 336 
Mesh/Generate Mesh, 133, 135 
Mesh/Preview Surface Mesh, 501, 502 
meshing, 330 

Method, 159 

Method Name, 325 

Microgripper, 103, 104, 495 
Micrometer, 104 

Mid-Surface, 249, 25 I 

middle mouse button, 198 
middle-click-drag, 64 

Midpoint, 89 

midside node, 37 

mild steel, 40 

minimum normal stress, 41 
minimum principal stress, 41, 383 
Minimum Reference, 473 

Minimum Time Step, 338, 491,519 
Min Size Limit, 349 

Minor-Steps per Major, 91 

Mirror, 105 

MISQP, 318 

Modal, 390 
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modal analysis, 22, 49, 389, 381, 391,426 


Mode, 377, 381 

mode shape, 426 

mode tab, 8| 

Model, 16 

model airplane wing, 418 

model tree, 68, 79, 82, 107 
Modeling mode, 68, 81, 107 
Modify, 63, 65, 67, 83, 86, 118 
MOGA, 318 

Mohr's circle, 27, 41, 42 

Moment, 146 

Moment Convergence, 473, 490, 524 
moment equilibrium, 27 
Mooney-Rivlin, 535, 553 
Mooney-Rivlin 2 Parameter, 557 
mouse cursor, 198, 199 

mouse operation, 64 

Move, 87, 88 

move dimension, 67 

MPC, 477 

multi-point constraint, 477 
Multilinear Isotropic Hardening, 548 
MultiZone, 217,227 

MultiZone method, 236, 341, 352 
MythBusters, 402 

Name, 61 

natural angular frequency, 42 


natural frequency, 22, 389, 393, 406, 407, 417, 421, 426 


natural period, 42| 
negative-X-face, 26, 27 
negative-Y-face, 26, 27 
negative-Z-face, 26, 27 
Neo-Hookean, 535 

New Chart and Table, 547, 567 
New Plane, 82, 120, 181 

New Section Plane, 343 

New Sketch, 82, 106, 127, 186 
Newton-Raphson method, 472, 524 
Next View, 72 

NLPQL, 318, 329 

No Separation, 466, 476 

nodal displacement, 36 

nodal stress, 29 | 

node, 16, 35,49 

nonlinear buckling analysis, 367, 387 
nonlinear contact, 476 

Nonlinear Effects, 212 

nonlinear elastic material, 528 
nonlinear elasticity, 528 
nonlinear material, 526, 527, 568 


nonlinear simulation, 49, 137, 337, 468, 469, 489 


nonlinear solution, 338, 344, 494 
nonlinear structure, 468, 524 
nonlinearity, 264 


Normal Lagrange, 478 

Normal Stiffness, 477, 478, 525 
normal strain, 28, 29 

normal stress, 26, 27 

number of buckling modes, 376 
number of digits, 229 

Number of Steps, 471,515 
Number Of Substeps, 279 
numerical method, 33 

object, 107 

objective, 319 

Objectives and Constraints, 319, 325 
octave, 414 

Offset, 77, 87, 183, 194 

Ogden form, 535 

Open End, 63, 85, 99 

Open End with Fit Points, 99 
Operation, |28 

optimal design, 320, 321, 327 
Optimization, 311,317, 318, 320, 325 
optimization method, 318 
optimization problem, 325 
order of element, 36 
Orientation, 136 

Orientation About Principal Axis, 228 
Origin, 228 

orthotropic, 527 

Orthotropic Elasticity, 32, 527 
out-of-plane translation, 278 
Outline, 143, 316 

Outline Plane, 181, 182 
Output Controls, 435, 453, 519 
output parameter, 316, 324, 329 
Oval, 85 

over-constrained, 76 
over-damped, 422 

overtone, 413 

P315 

paint-select, 77 

Pan, 64, 72, 83 

Parallel, 90, 558 

parallel prism, 357, 363 
Parameter Set, 314, 315 
parameter study, 373 

part, 82 

pascal, 3| 

Paste, 64, 87 

Paste at Plane Origin, 64, 75 
paste handle, 75, 107, 127 
patch, 348 

Patch Conforming, 348 

Patch Independent, 348, 349 
Path, 164, 165 

PC, 402 

PDMS, 10, II 
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perfectly elastic-plastic material, 577 principle of conservation of energy, 574 
Perpendicular, 89 principle of work and energy, 574, 599 


perpendicular prism, 358, 363 
Physical Properties, 220 
physics of music, 410 
pin-jointed, 310 

Pinball Region, 479 

Pitch, 198 

pitch circle, 97, 98 

pitch point, 97, 98, 99 

pitch radius, 97, 98 

placed feature, 200, 201 
planar seal, 553 

plane of symmetry, 17, 125 
plane outline, 182 

Plane Strain, 561 

Plane Stress, 110, 113,513,451 
plane view sketching, | 75 
plane-strain condition, 141 
plane-strain problem, 141, 170,553 
plane-stress condition, 140 
plane-stress problem, 140, | 70 
PLANE 182, 38 

PLANE 183, 38 

plastic material, 528, 548, 568 
plastic strain, 528, 577, 583 
Plastic Strain Failure, 579 
plasticity, 528, 529, 536 
plasticity model, 53 | 

Play, 18, 216 

pneumatic finger, 10, 35, 331, 569 
Point, 73, 74, 82 

Point, 296 

Poisson's ratio, 11, 31, 32 
Poisson's Ratio, 12,220 
polycarbonate, 402 
polydimethylsiloxane, |0 
Polygon, 84 

Polyline, 63, 84 

polynomial form, 535 
polyoxymethylene, 272, 48 | 
POM, 272, 48 | 

Preserve Bodies, |52 


Pressure, 25, 146 

pressure angle, 97 

pressure cylinder, 179, 219, 346 
prestressed modal analysis, 390, 393 
pretension, |25 

Previous View, 72 

Principal Axis, 228 

principal direction, 41 

principal strain, 19 

principal stress, 41, 49 

principal stretch ratio, 534 
principal view, 197 


Probe, 148 
Probe/Deformation, 437, 462 


Probe/Force Reaction, 488, 516, 544, 566 


Probe/Stress, 439 

problem domain, 24 

procedure of FEM, 49 

Progress, 320 

Project, 21 | 

project name, 69, 80 

Project Schematic, ||, 12, 49 
project tree, 143, 170 

project unit system, | 44 
Properties, | 12 

Pull-down menu, 81, 143 

Pure Penalty, 478 

quadratic element, 37 
quadrilateral, 38 

Quadrilateral Dominant, | 62 
quadrilateral element, 37, 162, 163 
quadrilateral-based pyramid, 38 
quality of mesh, 16 

quasistatic simulation, 419 
quadrilateral shell, 38 

radial deformation, 247 

radial direction, 246 

radial stress, |42 

Radius, 67, 86, 88 

random vibration analysis, 428, 466 
rate-dependent material, 568 
Re-Fit Spline, 99 

reaction force, 488 

Rectangle, 59 

Rectangle by 3 Points, 85 

Redo, 72 

reference energy, 574 

Refresh Geometry, | 23 

Remote Displacement, |47, 504 
Remote Force, 146 

Rename, | 37 

Rename Based on Definition, 385 
Replicate, 74, 87 

Reset, 112,346 

reset legend, 229 

residual force, 472, 524 

residual strain, 528 

resolution, 214, 227 

response, 24, 30 

response frequency, 435, 437 
response spectrum analysis, 428, 466 
restart, 595 

Result Sets, 280, 438 
results, 18 
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results object, 117, 148 

results tool, |48 

results toolbar, 148 

results view control, 228 
Resume From Cycle, 596 
Retrieve This Result, 541,551,552 
Reverse Normal/Z-Axis, 120 
revolute joint, 283 

Revolve, 96, 201, 242 

Richard von Mises, 44 
right-click, 64 

right-click-drag, 64 

Rigid, 581,592 

rigid body, 499 

rigid body mode, 370, 393, 417 
rigid body motion, 29, 117, 118 
rigid-Jointed, 310 

roll, 198 

rotate, 64, 197, 198 

Rotate about Global Z, 120 
Rotate by r, 74, 75 

Rotation Convergence, 473, 524 
rotation mode, 412 

Rotational Velocity, 147, 405 
Rough, 476 

round, |77 

round-cornered textbox, 58 
RPM, 408 

rubber, 553 

ruler, 61, 113 

Safety Factor, 215 

Save Project, 69, 80 

Scoping Method, 165, 505 
Screening, 318 

scroll-wheel, 64 

SDOF, 421 

Seal, 554 

second-order element, 37, 49 
section plane, 343 

section view, |25, 343 

Select All, 245 

select mode, 77 

Select new symmetry axis, 60, 65 
selection, 199 

Selection Filter, 74, 107, 197, 199 
selection pane, 197, 199, 301, 302 
Semi-Automatic, 88 
separator, 81, 143, 21 | 

Settings, 83, 91 

shape function, 36, 49 

shape memory alloy, 103, 495 
sharp-cornered textbox, 58 
shear failure, 40, 42 

Shear Modulus, 31, 32, 220 
shear strain, 28, 29 


shear strength, 42 

shear stress, 26, 27 

Shear Test Data, 532, 553,554, 555 
shell element, 238, 269, 270, 278 
SHELL1I81, 38 

SHELL208, 248 
Shift-middle-click-drag, 64 
Show Constraints, 90 

Show Elements, 307 

Show in 2D, 91 

Show Progress, 320 

Show Sketch, | 28 

Show Whole Elements, 343 
Show/Sweepable Bodies, 34 
SimpleBeam, 369 

simply supported beam, 368 
simulation, |2 

single degree of freedom model, 42 
singular point, 169 

singular stress, |66 

sizing, 154, 330 

sketch, 82, 107 

sketched feature, 200 
Sketching, 15, 56,62 
Sketching mode, 59, 81, 107 
sketching option, 61 
sketching plane, 82, 107 
sketching toolboxes, 81, 83 
Skewness, 335, 347 
Skin/Loft, 192, 201 

SMA, 103, 495 

small cube, 26 

Small deformation, 24, 28, 29, 3| 
Smooth Contours, 586 
Snap, 91, 509 

Snap lock, 508 

Snaps per Minor, 9 

solid body, [5 

solid damping, 424 

solid element, 270 

Solid Fill, 463 

solid model, 255 

SOLID | 86, 37 

SOLID 187, 37 

Solution, 117, 143 

solution accuracy, 575 
Solution Information, |37, 143, 338, 474, 490 
Solution Output, |37 

Solve, 18, 116 

Solve Curve Fit, 557 

Solver Output, 474, 490 
source face, 228, 341 
Sphere Radius, 167, 168 
Spline, 85, 99 

Spline Edit, 87, 99 
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Spline Edit option, 87 

Split, 86 

Split Edges, 450 

Split option, 86 

spur gear, 97, |5| 

square bracket, 10 

stability analysis, 367 

Standard Earth Gravity, | 47 
standing wave, 410 

Static Damping, 576, 599 

static simulation, 2| 

Static Structural, 11, 112 

statically indeterminate structure, 379 
Statistics, 16, 114 

status bar, 81, 83, 143 

status symbol, 149 

steady state, 419 

Step End Time, 435 

Steps, 456, 466, 47 I 

stiffness, 49 

Stiffness Behavior, 581 

Stiffness Coefficient, 425, 435 
stiffness matrix, 36, 49, 426 

still water, 25 

Stop, 216 

strain, 28, 49 

strain component, 28 

strain energy, 533, 534 

strain field, 36 

strain invariant, 534 

strain state, 49, 141, 142 
strain-displacement relation, 31, 33, 36 
stress, 25, 49 

stress component, 26, 27 

stress concentration, | 63 

stress discontinuity, 157, | 70 
stress field, 36, 160 

stress intensity, 42, 49 

stress singularity, 157, 166, 169, 170 
stress state, 27, 41, 42, 46, 49, 140, 142 
stress stiffening, 20, 49, 367, 368 
stress stiffening effect, 373, 387 
Stress Tool, 148 

stress-strain curve of PDMS, | | 
stress-strain relation, 31, 33, 36 
Stress/Error, 161 

Stress/Maximum Bending Stress, 29 | 
Stress/Minimum Bending Stress, 29 | 
stretching mode, 412 

String, 410, 457 

strong dimension, 79 

structural analysis problem, 24 
structural dynamic analysis, 417 
structural dynamics, 420 

Structural Error, 157, 161, 170,216 


structural mechanics, 24 
structural nonlinearity, 22 
structural steel, | 13 

$U3 16, 239 

subsequent yield point, 529, 568 
Substeps, 456, 466, 471, 524 
Subtype, |82 

Support, |7, 136, 145, 146, 204, 231 
support condition, 265 
supporting file, 69 
Supports/Fixed Support, 212 
surface body, 15, 113, 242, 257, 269, 295, 301 
surface force, 30 

surface model, 238, 255, 289 
surgical parallel robot system, 10 
Sweep, 192, 201 

Sweep method, 236, 341 
sweep-select, 77 

sweepable, 228 

sweepable body, 341 

switch between steps, 47 
Symmetric, 131, 477 

Symmetry, 60, 65, 76, 89, 118, 270 
symmetry condition, 278 
symmetry of shear stress, 27 
Table of Design Points, 316, 317 
Table of Outline, 326 

Table of Schematic, 319, 320 
Tabular Data, 143, 461, 518, 540 
tag, 228 

Tangent, 89, 106 

Tangent Line, 84 

Tangent Modulus, 579 

tangent stiffness, 472 

tangential stiffness, 478 

Target, 131, 153,477 

Target Body View, | 32 

target face, 228, 341 
Temperature, 555 

temperature change, 17, 24 
tensile failure, 40, 42 

test data, 532 

tetrahedron, 38, 362 
Tetrahedrons method, 356 
textbox, |0 

Thermal Condition, | 46 
thermal effects, 32 

thermal strain, 32 

Thermal Strain Effects, 212 
Thickness, 113,244 

Thickness assignment, 253 

thin body, 206 

thin solid body, 257, 269 
Thin/Surface, 201, 206, 256, 257 
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threaded bolt, 92 

threaded bolt-and-nut, | 25 
Threads, 93, 126 

threshold, 250 

thunderbolt, 121 

Time, 338 

Time Integration, 457 

Time Step, 47 | 

Time Step Controls, 479 

Time Step Safety Factor, 575 
time-dependent stress-strain relation, 527, 568 
Tolerance, 473 

toolbar, 81, 143 

toolbar menu, | 15 

Toolbox, II, 12,316 

Tools, 148 

Tools/Beam Tool, 279, 29 
Tools/Contact Tool, 505 
Tools/Mid-Surface, 250, 25 | 
Tools/Options, 62 

Tools/Stress Tool, 213 
Tools/Symmetry, 119, 120 
topology nonlinearity, 468, 470 
torsional vibration, 397 

total strain energy, 44 

Transfer Data To New/Eigenvalue Buckling, 374 
transformation, |8| 

transient state, 419 

transient structural simulation, 21,417,419, 426, 434 
Transient/Initial Conditions, 453 
Transjoint, 482 

translational joint, 481 

Tree Outline, 81 

Tresca criterion, 42 

Triad, 197 

triangle, 38, 159, 364 
triangle-based prism, 38 
triangular element, 162, 163 
triangular shell, 38 

Trim, 65, 86 

Triplate, 80, | 10, 323 

True Scale, 156, 247, 438 
Truss, 284, 380 

twelve-tone equally tempered tuning system, 414 
two-step method, 456 
two-story building, 295, 395, 418, 441 
Type, 521 

type of coordinate system, 228 
U.S. customary unit system, |5| 
Unaveraged, 158, |59 
unaveraged stress, 160, 291 
undamped free vibration, 42| 
undeformed shape, 10 
under-constrained, 67, 76 
Undo, 72 
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uniaxial compressive test, 532 

uniaxial tensile test, 19, 40, 42, 532, 553, 554,555 
uniform velocity, 448 

unit system, |44 

Unit Systems Mismatch, 445 

Unite, 195 

Units, 58, 71, 113, 144 

Units/Display Values as Defined, 408 
Units/RPM, 405 

unprestressed modal analysis, 390 
Update, 320 

Update All Design Points, 317 

Update Selected Design Points, 317, 321, 328 
Update Stiffness, 479 

Upper Bound, 319, 326 

Use Manufacturable Values, 326 

Use Maximum, 444 

Use Plane Origin as Handle, 75 

User Defined Result, 148, 546, 584 

UY, 546 

Value, 61, 62, 473 

vector display, 228 

Velocity, 453 

verification manual, 525 

verification manual for Workbench, 237 
Vertical, 63, 88, 89 

vibration mode, 22 

vibration mode shape, 389, 393, 397 
view results, 148 

view rotation, 198 

View/Cross Section Alignments, 274, 286, 288 
View/Cross Section Solids, 275, 288, 300, 486 
View/Reset Workspace, 211,315 
View/Ruler, 61, | 13 

View/Shaded Exterior, | 78 

View/Thick Shells and Beams, 254, 412, 487 
View/Windows/Reset Layout, | 42 
View/Windows/Section Planes, 343 
viscosity, 527 

viscous damping, 423, 466 

VM25, |71 

volumetric test, 532 

von Mises strain, 46 

von Mises stress, 19, 20, 46, 49 

von Mises yield criterion, 43, 44, 46, 529 
von Mises yield surface, 46, 568 
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